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Abstract/Zusammenfassung 

1 

Thesis Abstract 

6XEPDULQH IDQVDUHDFRPPRQIHDWXUHDORQJFRQWLQHQWDOPDUJLQVDQGUHSUHVHQWRQHRI WKH
PDLQVLQNVIRUFRQWLQHQWDOO\GHULYHGVHGLPHQWV+HQFHWKH\DUHUHJDUGHGDVH[FHOOHQWDUFKLYHV
IRUORQJDQGVKRUWWHUPFOLPDWHYDULDWLRQVDVZHOODVWKHFRQWLQHQWDOXSOLIWDQGHURVLRQKLVWRU\
7KH%HQJDO)DQKDVDWWUDFWHGSDUWLFXODUVFLHQWLILFDWWHQWLRQDVLVLWWKHSULPDU\VLQNRI+LPDOD
\DQPDWHULDODQGWKXVUHFRUGHURIRQHRIWKHNH\DUHDVLQWKHJOREDOFOLPDWHV\VWHP7KHIDQ
GHSRVLWLRQZDVLQLWLDWHGLQWKH(DUO\(RFHQHDVDGLUHFWUHVSRQVHWRWKH,QGLD$VLDFROOLVLRQDQG
WKHFRQVHTXHQWXSOLIWRIWKH+LPDOD\DQ0RXQWDLQ5DQJH6LQFHWKH0LGGOH0LRFHQHFKDQQHO
OHYHHV\VWHPVKDYHEHHQDPRQJWKHPDLQFRQGXLWVIRUVHGLPHQWGLVSHUVDOWRWKH%HQJDO)DQ
)UHTXHQWFKDQQHODYXOVLRQ OHDGVWR ODWHUDOPLJUDWLRQRIGHSRVLWLRQDORQJDQGDFURVVWKHIDQ
DQGKHQFHWKHVSDWLDODQGWHPSRUDODFFXPXODWLRQSDWWHUQLVYHU\LUUHJXODU7KXVDFRPSUH
KHQVLYHXQGHUVWDQGLQJRIWKHIDQ¶VFRPSOH[GHSRVLWLRQDOG\QDPLFVLVDQHVVHQWLDOSUHUHTXLVLWH
WRXOWLPDWHO\FRQQHFWFKDQJHVLQWKHVHGLPHQWDU\VLQNZLWKFKDQJHVLQWKHVRXUFH
7KHKHUHSUHVHQWHGWKHVLVH[DPLQHVWKHGHSRVLWLRQDOG\QDPLFVRIWKH%HQJDO)DQLQRUGHUWR
FRQWULEXWHWRWKHRYHUDOOXQGHUVWDQGLQJRINH\DVSHFWVVXFKDVWKHWHFWRQLFFOLPDWHLQWHUDFWLRQ
DQGWKH,QGLDQ0RQVRRQHYROXWLRQDWWKH+LPDOD\DQ0RXQWDLQUDQJH$XQLTXHLQWHJUDWHGGD
WDVHWRIHFKRVRXQGHUDQGPXOWLFKDQQHOVHLVPLFGDWDH[WHQGLQJ IRURYHUNPDFURVV WKH
ORZHU%HQJDO)DQ1UHVXOWVIURPWKHVHYHQVLWH,2'3([SHGLWLRQGULOOLQJWUDQVHFWDW
1DQGDQRYHO,2'3V\VWHPVSHFLILFDJHGHSWKPRGHOHQDEOHVDQRYHUDUFKLQJVWXG\
RIWKHDUFKLWHFWXUHVWUDWLJUDSK\DQGGHSRVLWLRQDOSURFHVVHVRIWKH%HQJDO)DQDQGFKDQQHO
OHYHHV\VWHPVDWYDULRXVVFDOHV
+LJKUHVROXWLRQ3DUDVRXQGGDWDOLQNHGZLWKOHYHHOLWKRORJ\DQGUDGLRFDUERQDJHVGHULYHGIURP
,2'36LWH8ZHUHXVHGWRDVVHVVWKHVSDWLDODQGWHPSRUDOFKDQJHVLQGHSRVLWLRQDORQJ
WKH\RXQJHVWFKDQQHORIWKH%HQJDO)DQWKHVRFDOOHGActive Channel2XUDQDO\VLVVKRZHG
WKDW WKH$FWLYH&KDQQHOVWDUWHG WRGHYHORSDSSUR[LPDWHO\N\UVDJRN\UVHDUOLHU WKDQ
SUHYLRXVO\SURSRVHG6LQFHaNDQR WHUUHVWULDOVHGLPHQWKDV UHDFKHG WKHRYHUEDQNDUHD
DQ\PRUHZKLOHLWKDVEHHQVKRZQLQHDUOLHUVWXGLHVWKDWWKH$FWLYH&KDQQHOVWLOOUHFHLYHVRYHU
VSLOOVHGLPHQWVLQWKH0LGGOH%HQJDO)DQDUHD10RUHRYHURYHUVSLOOLQJKDVEHHQLQWHU
UXSWHGIRUDSHULRGRIaN\UVGXULQJWKH/DVW*ODFLDO0D[LPXPDQGWKHGHJODFLDOVHDOHYHO
ULVH%RWK WLPHVRI LQWHUUXSWHGRYHUVSLOOZHUHDVVRFLDWHGZLWKDGHFUHDVH LQ WXUELGLW\FXUUHQW
KHLJKW0DVVDFFXPXODWLRQUDWHVGXULQJWLPHVRIDFWLYHRYHUVSLOOUHPDLQHGUHODWLYHO\FRQVWDQW
GHPRQVWUDWLQJDVWHDG\VHGLPHQWIOX[WRWKHORZHU%HQJDO)DQXQDIIHFWHGE\VHDOHYHOYDULD
WLRQV6SDWLDOPDSSLQJRILQGLYLGXDOOHYHHXQLWVZDVFDUULHGRXWWRVKHGOLJKWRQWKHUHODWLRQVKLS
EHWZHHQFKDQQHOVLQXRVLW\DQGRYHUVSLOOGHSRVLWLRQDOSDWWHUQDORQJ WKHDFWLYHO\PHDQGHULQJ
FKDQQHORQDVXEOHYHHVFDOH2XUUHVXOWVVKRZWKDWFKDQQHOVLQXRVLW\KDVDVWURQJLQIOXHQFH
RQWKHRYHUVSLOOLQJGHSRVLWLRQUHVXOWLQJLQDSDWFK\GHSRVLWLRQ+RZHYHUWKHSDWFK\GHSRVLWLRQ
LV HTXDOL]HG RYHU WLPH DV D UHVSRQVH WR WKH G\QDPLF FKDQQHO JHRPHWU\ 7KXV ZKHQ
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WUDQVIHUULQJOHYHHDFFXPXODWLRQWRVHGLPHQWIOX[LWVKRXOGEHDYHUDJHGRYHUWKHHQWLUHOLIHWLPH
RIRQHFKDQQHOOHYHHV\VWHP LQRUGHU WRPLQLPL]HVWDWLVWLFDOHUURUVJHQHUDWHGE\VKRUWWHUP
IOXFWXDWLRQV
7KHDUFKLWHFWXUHDQGVWUDWLJUDSK\RIWKHORZHU%HQJDO)DQVLQFHWKH0LGGOH3OHLVWRFHQHZHUH
VWXGLHGXWLOL]LQJDNPORQJPXOWLFKDQQHOVHLVPLFSURILOHDFURVVDOOVHYHQ,2'3([SHGLWLRQ
 GULOO VLWHV HPSKDVL]LQJ WKH G\QDPLF FKDUDFWHU RI WKH %HQJDO )DQ 2QPLOOHQQLDO WLPH
VFDOHVGHSRVLWLRQLVIRFXVHGDORQJWKHDFWLYHFKDQQHOOHYHHV\VWHPDWDQ\JLYHQWLPH:LWKDQ
DYHUDJHUHFXUUHQFHUDWHRIN\UVWKHSRVLWLRQRIWKHDFWLYHFKDQQHOPLJUDWHVDFURVVWKHIDQ
WKHUHE\RIWHQH[FHHGLQJDODWHUDOGLVWDQFHRINPEHWZHHQWZRVXFFHVVLYHV\VWHPV0RUH
RYHUVHGLPHQWDWLRQLVRUJDQL]HGLQVXEIDQVZKRVHORFDWLRQLVFRQWUROOHGE\WKHDYDLODELOLW\RI
DFFRPPRGDWLRQVSDFHFUHDWHGE\WKHXSOLIWRIWKH(DQG1LQHW\HDVWULGJHDQGWKHORFDWLRQ
RIWKHIHHGHUFDQ\RQ:KLOHDVXEIDQJRYHUQVSDUWVRIWKH%HQJDO)DQWKHDGMDFHQWDUHDVDUH
GUDSHG E\ KHPLSHODJLF GHSRVLWLRQ ,Q WKH VWXG\ DUHD ZH LGHQWLILHG WKUHH LQGLYLGXDO VXEIDQ
SKDVHVVLQFHWKH0LGGOH3OHLVWRFHQH6XEIDQ%0DFRQVWUDLQHGWRWKHZHVWHUQIDQ
ZKLOHLQWKHVWXG\DUHDWKH0LGGOH3OHLVWRFHQH+HPLSHODJLF/D\HULVGHSRVLWHG6XEIDQ&
0DFRQVWUDLQHGWRWKHHDVWHUQIDQDQG6XEIDQ'0D±UHFHQWDJDLQFRQVWUDLQHG
WRWKHZHVWHUQIDQZKLOHWKH/DWH3OHLVWRFHQH+HPLSHODJLF/D\HULVGHSRVLWHGLQWKHHDVWHUQ
IDQDUHD
0RUHWKDQRIWKHWHUUHVWULDOVHGLPHQWVGHSRVLWHGDWWKHORZHU%HQJDO)DQLVFRPSRVHGRI
VDQGDQGFRDUVHVLOWGHSRVLWHGRXWRIXQFKDQQHOL]HGWXUELGLW\FXUUHQWVZKLOHPXGG\VHGLPHQWV
WUDQVSRUWHGDQGGHSRVLWHGZLWKLQFKDQQHOOHYHHV\VWHPVRQO\DFFRXQWIRU7KLVKLJK
OLJKWVWKHNH\UROHRIVDQGGHSRVLWLRQIRUWKHIDQFRQVWUXFWLRQDQGLPSOLHVDKLWKHUWRXQGHUHVWL
PDWLRQRIWKHVDQGFRQWHQWLQODUJHVXEPDULQHIDQV
&RPELQLQJWKHVHLVPLFVWUDWLJUDSK\ZLWKDFRUHVVHLVPLFLQWHJUDWHGDJHPRGHOGDWDUHYHDOHG
FRQVWDQWO\LQFUHDVLQJDFFXPXODWLRQUDWHVDQGRYHUDOOVHGLPHQWORDGWKURXJKRXWWKHOLIHWLPHRI
6XEIDQ&0LGGOH3OHLVWRFHQH7KHLQFUHDVLQJLQSXWVHHPVWRUHIOHFWGHQXGDWLRQUDWHFKDQJHV
LQWKHVRXUFHDUHDSRWHQWLDOO\ OLQNHGWR0LGGOH3OHLVWRFHQHFOLPDWHYDULDWLRQV6XEIDQ&IDQ
VHGLPHQWDWLRQLVLQWHUUXSWHGWKULFHE\GHFLPHWHUVFDOHUHJLRQDOO\H[WHQGLQJKHPLSHODJLFGHS
RVLWLRQ7KHLUGHSRVLWLRQGRHVQRWDSSHDUWREHV\VWHPDWLFDOO\OLQNHGWRVHDOHYHOYDULDWLRQVEXW
PD\EHGULYHQDXWRF\FOLF7KLVREVHUYDWLRQDOVRDSSOLHVWRWKHKHPLSHODJLFOD\HUVIRXQGLQWKH
OHYHHVRI WKH$FWLYH&KDQQHO7KLV ILQGLQJQRWRQO\VXJJHVWV WKDW WKH%HQJDO)DQEHKDYHV
FRQWUDGLFWRU\WRPRVWRWKHUODUJHVXEPDULQHIDQVZKLFKDUHVWDUYHGGXULQJWLPHVRIVHDOHYHO
KLJKVWDQGLWDOVRKLQWVWRZDUGVDUHODWLYHO\FRQVWDQWVHGLPHQWGHOLYHU\WRWKHIDQDWOHDVWVLQFH
WKH0LGGOH3OHLVWRFHQH
7KHRXWFRPHRIWKLVWKHVLVSURYLGHVQHZLQVLJKWVLQWRWKHDUFKLWHFWXUDODQGVWUDWLJUDSKLFHYROX
WLRQRIWKHORZHU%HQJDO)DQDQGPDUNVDVLJQLILFDQWDGYDQFHPHQWWRZDUGVDQH[WHQVLYHXQ
GHUVWDQGLQJRIWKHVHGLPHQWDU\DUFKLYHLQLVIXOOFRPSOH[LW\7KHUHODWLYHVHLVPLFVWUDWLJUDSK\
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GHYHORSHGLQWKHVFRSHRIWKLVWKHVLVLVDQLPSRUWDQWVWHSIRUWKHUHILQHPHQWRIWKH,2'3([SH
GLWLRQFKURQRVWUDWLJUDSK\0RUHRYHU LWKDVEHHQ LPSOHPHQWHG LQWRDFRUHVHLVPLF LQWH
JUDWHGDJHPRGHOVSHFLDOO\GHVLJQHG IRU WKH ,2'3([SHGLWLRQGULOOLQJ WUDQVHFW WKHUHE\
DOORZLQJQRYHOLQVLJKWVLQWRYDULDWLRQVLQVHGLPHQWDWLRQUDWHGXULQJWKH0LGGOH3OHLVWRFHQHDQG
WKHLUSRWHQWLDOOLQNDJHWRVHDOHYHODQGFOLPDWHYDULDELOLW\



Zusammenfassung 

6XEPDULQH)lFKHUVWHOOHQHLQHGHU+DXSWVHQNHQ IUNRQWLQHQWDOHV6HGLPHQWGDUXQG WUHWHQ
ZHLWYHUEUHLWHWHQWODQJYLHOHU.RQWLQHQWDOKlQJHDXI6LHJHOWHQGDKHUDOVH[]HOOHQWHV$UFKLYIU
ODQJXQGNXU]IULVWLJH.OLPDYHUlQGHUXQJHQVRZLHYRQNRQWLQHQWDOHU+HEXQJXQG(URVLRQ'HU
%HQJDOIlFKHU LVW YRQEHVRQGHUHUZLVVHQVFKDIWOLFKHU5HOHYDQ]GDHUGLHSULPlUH6HQNH IU
HURGLHUWHV0DWHULDODXVGHP+LPDOD\DGDUVWHOOWXQGVRPLWGLH(QWZLFNOXQJHLQHUGHU6FKOVVHO
UHJLRQHQLPJOREDOHQ.OLPDV\VWHPDXI]HLFKQHW
'LH)lFKHUVHGLPHQWDWLRQLP%HQJDOIlFKHUEHJDQQLPIUKHQ(R]lQDOVGLUHNWH)ROJHGHU.RO
OLVLRQGHU ,QGLVFKHQPLWGHU(XUDVLVFKHQ.RQWLQHQWDOSODWWHXQGGHUDQVFKOLHHQGHQ+HEXQJ
GHV+LPDOD\DV6HLWGHPPLWWOHUHQ0LR]lQVLQGVRJHQDQQWHchannel-levee6\VWHPHHLQHUGHU
+DXSWWUDQVSRUWZHJH IU6HGLPHQW LQQHUKDOE%HQJDOIlFKHU5HJHOPlLJH.DQDOGXUFKEUFKH
IKUHQ]XHLQHU ODWHUDOHQ0LJUDWLRQGHU$EODJHUXQJHQWODQJXQGDXFKTXHU]XP)lFKHUXQG
VRUJHQIUVRZRKOUlXPOLFKDOVDXFK]HLWOLFKVHKUXQUHJHOPlLJH$EODJHUXQJ(LQXPIDVVHQ
GHV9HUVWlQGQLVGHUNRPSOH[HQ$EODJHUXQJVVWUXNWXUGHV)lFKHUVLVWGDKHUHLQHJUXQGOHJHQGH
9RUDXVVHW]XQJXP9DULDWLRQHQLQGHU6HQNHPLW9HUlQGHUXQJHQLQGHU4XHOOH]XYHUNQSIHQ
'LHKLHUSUlVHQWLHUWH$UEHLWVWUHEWGLHJHQDXH8QWHUVXFKXQJGHU$EODJHUXQJVG\QDPLNGHV%HQ
JDOIlFKHUVDQXP]XPDOOJHPHLQHQ9HUVWlQGQLVHLQLJHU.HUQSXQNWHLQVEHVRQGHUHGLH,QWHU
DNWLRQYRQ7HNWRQLNXQG.OLPDXQGGLH(QWZLFNOXQJGHV,QGLVFKHQ0RQVXQVLP+LPDOD\DEHL
]XWUDJHQ'LH$UEHLW EDVLHUW DXI HLQHPJDQ]KHLWOLFKHU'DWHQVDW] EHVWHKHQGDXV6HGLPHQW
(FKRORW'DWHQXQG0HKUNDQDOVHLVPLNGLHVLFKEHUNPTXHUEHUGHQXQWHUHQ%HQJDOIl
FKHU1HUVWUHFNHQVRZLHGLH(UJHEQLVVHYRQGHQVLHEHQ%RKUNHUQHQGHU,2'3([SHGLWLRQ
GXUFKJHIKUWEHL1XQGHLQHPQHXDUWLJHQ$OWHUV7LHIHQPRGHOOHQWZLFNHOWVSH]LHOOIU
GLH.HUQHYRQ,2'3'LHVHUHLQPDOLJH'DWHQVDW]HUP|JOLFKWHLQHEHUJUHLIHQGH6WXGLH
GHU)lFKHUDUFKLWHNWXU6WUDWLJUDSKLHXQG$EODJHUXQJVSUR]HVVHDXIYHUVFKLHGHQHQ6NDOHQ
+RFKDXIO|VHQGH(FKRORWGDWHQLQ.RPELQDWLRQPLWOLWKRORJLVFKHQ,QIRUPDWLRQHQXQG5DGLRNDU
ERQGDWLHUXQJHQYRQ,2'3.HUQ8ZXUGHQXQWHUVXFKWXPGLHUlXPOLFKHVRZLH]HLWOLFKH
9DULDELOLWlWYRQ6HGLPHQWDEODJHUXQJHQWODQJGHVMQJVWHQ.DQDOVGHV%HQJDOIlFKHUVGHVAk-
tiven Kanals]XHYDOXLHUHQ8QVHUH$QDO\VHQHUJDEHQGDVVGHU$NWLYH.DQDOYRUFD
-DKUHQHQWVWDQGXQJHIlKU-DKUHIUKHUDOVEHLIUKHUHQ6WXGLHQYRUJHVFKODJHQ6HLW
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IDVW-DKUHQHUUHLFKWGLH/HYHHVGHVXQWHUHQ)lFKHUVNHLQNRQWLQHQWDOHV6HGLPHQWPHKU
ZRKLQJHJHQ IUKHUH6WXGLHQYRPPLWWOHUHQ%HQJDOIlFKHU 1JH]HLJWKDEHQGDVVGRUW
DXFKUH]HQWQRFK6HGLPHQWHDXVGHP$NWLYHQ.DQDODXIGLH/HYHHVWUDQVSRUWLHUWZLUG:lK
UHQGGHVOHW]WHQJOD]LDOHQ0D[LPXPVXQGGHPDQVFKOLHHQGHQ0HHUHVVSLHJHODQVWLHJJDEHV
HLQHZHLWHUH-DKUHDQGDXHUQGH3KDVHLQGHUNHLQ0DWHULDODXVGHP.DQDOGHQ/HYHH
HUUHLFKWKDW%HLGH=HLWUlXPHRKQH WHUUHVWULVFKH6HGLPHQWDWLRQDXIGHP/HYHHZHUGHQPLW
HLQHU9HUULQJHUXQJGHU+|KHGHU7UEHVWU|PHDVVR]LLHUW$OOHUGLQJVEOHLEHQGLH0DVVHQDNNX
PXODWLRQVUDWHQLQ=HLWHQDNWLYHQ7UDQVSRUWVYRQ6HGLPHQWDXVGHP.DQDODXIGLH/HYHHVUH
ODWLYJOHLFKPlLJZDVHLQHQEHVWlQGLJHQ6HGLPHQWHLQWUDJLQGHQXQWHUHQ%HQJDOIlFKHU]HLJW
8PGHQ=XVDPPHQKDQJYRQ.DQDONUPPXQJ]X6HGLPHQWDWLRQHQWODQJHLQHVDNWLYPlDQGUL
HUHQGHQ.DQDOV]XEHOHXFKWHQZXUGHQLQGLYLGXHOOH8QWHUHLQKHLWHQLQQHUKDOEGHV/HYHHVNDU
WLHUW8QVHUH(UJHEQLVVH]HLJHQGDVVGLH.DQDONUPPXQJHLQHQVWDUNHQ(LQIOXVVDXIGLH$E
ODJHUXQJKDWXQGGDVVVLFKGDUDXVXQUHJHOPlLJYHUWHLOWH$EODJHUXQJV]HQWUHQHUJHEHQ$OOHU
GLQJVZLUGGLHXQUHJHOPlLJH$EODJHUXQJPLWGHU=HLWGXUFKGHQVLFKG\QDPLVFKYHUlQGHUQGHQ
.DQDODXVJHJOLFKHQ'DVEHGHXWHWZRDXV$NNXPXODWLRQVPHVVXQJHQ6HGLPHQWHLQWUDJVPHQ
JHQEHVWLPPWZHUGHQVROOHQHPSILHKOWHVVLFKEHUGLHJHVDPWH/HEHQV]HLWHLQHVFKDQQHO
OHYHH6\VWHPV]XPLWWHOQXPVWDWLVWLVFKH)HKOHUGLHGXUFKGLHNXU]]HLWLJHQ9HUlQGHUXQJHQGHU
6HGLPHQWDWLRQHQWVWHKHQ]XPLQLPLHUHQ
'LH$UFKLWHNWXUXQG6WUDWLJUDSKLHGHVXQWHUHQ%HQJDOIlFKHUVVHLWGHPPLWWOHUHQ3OHLVWR]lQZXU
GHQPLW+LOIHHLQHVNPODQJHQPHKUNDQDOVHLVPLVFKHQ3URILOVXQWHUVXFKWZHOFKHVDOOHVLH
EHQ,2'3([SHGLWLRQ%RKUORNDWLRQHQNUHX]W'LHVH8QWHUVXFKXQJHQKHEHQGHQG\QDPL
VFKHQ&KDUDNWHUGHV%HQJDOIlFKHUVKHUYRU$XI=HLWVNDOHQYRQWDXVHQG-DKUHQZLUGGLH$EOD
JHUXQJHQWODQJGHVMHZHLOVDNWLYHQ.DQDOVIRNXVVLHUW'LHVH.DQlOHKDEHQHLQHGXUFKVFKQLWWOL
FKH/HEHQVGDXHUYRQ-DKUHQXQG LKUH3RVLWLRQPLJULHUWEHUGHQ)lFKHU=ZLVFKHQ
]ZHLDXIHLQDQGHUIROJHQGHQFKDQQHOOHYHH6\VWHPHQ OLHJHQGDEHLRIW ODWHUDOH'LVWDQ]HQYRQ
PHKUDOVNP=XVlW]OLFKLVWGLH6HGLPHQWDWLRQLQVRJHQDQQWHQ6XEIlFKHUQRUJDQLVLHUW'LH
3RVLWLRQHLQHV6XEIlFKHUVZLUGGXUFKGHQ]XU9HUIJXQJVWHKHQGHQ$EODJHUXQJVUDXPJH
VFKDIIHQGXUFKGLH+HEXQJGHV85°EXQGGHVNinetyeast5FNHQVVRZLHGLH3RVLWLRQGHV
VHGLPHQWOLHIHUQGHQ&DQ\RQVNRQWUROOLHUW'DHLQ6XEIlFKHUQXU7HLOHGHV%HQJDOIlFKHUVEH
GHFNWILQGHWLQGHQDQJUHQ]HQGHQ%HUHLFKHQKHPLSHODJLVFKH6HGLPHQWDWLRQVWDWW,QXQVHUHP
$UEHLWVJHELHWNRQQWHQZLUGUHLLQGLYLGXHOOH6XEIlFKHU3KDVHQVHLWGHPPLWWOHUHQ3OHLVWR]lQ
LGHQWLIL]LHUHQ6XEIlFKHU%0DEHVFKUlQNWDXIGHQZHVWOLFKHQ%HQJDOIlFKHUZlK
UHQGLP$UEHLWVJHELHWGHUMiddle Pleistocene Hemipleagic LayerDEJHODJHUWZLUG6XEIlFKHU
&0DEHVFKUlQNWVLFKDXIGHQ|VWOLFKHQ%HQJDOIlFKHUXQG6XEIlFKHU'VHLW
0DZLHGHUXPEHVFKUlQNWDXIGHQZHVWOLFKHQ%HQJDOIlFKHUZlKUHQGGHU|VWOLFKHQ)lFKHU
YRPLate Pleistocene Hemipelagic LayerEHGHFNWZLUG
0HKUDOVGHUWHUUHVWULVFKHQ6HGLPHQWHLPXQWHUHQ%HQJDOIlFKHUEHVWHKHQDXV6DQGXQG
JUREHP6LOWGLHDXVQLFKWNDQDOLVLHUWHQ7UEHVWU|PHQDEJHODJHUWZHUGHQ+LQJHJHQPDFKHQ
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GLHIHLQHUHQ6HGLPHQWHWUDQVSRUWLHUWXQGDEJHODJHUWLQFKDQQHOOHYHH6\VWHPHQQXUGHU
6HGLPHQWHDXV'LHVH=XVDPPHQVHW]XQJXQWHUVWUHLFKW GLH6FKOVVHOUROOH YRQ6DQG IU GLH
)lFKHUDUFKLWHNWXUXQGGHXWHWGDUDXIKLQGDVVGHU6DQGJHKDOWYRQJURHQVXEPDULQHQ)lFKHU
ELVKHUXQWHUVFKlW]WVHLQN|QQWH
'LH.RPELQDWLRQGHUVHLVPLVFKHQ6WUDWLJUDSKLHPLWHLQHP.HUQ6HLVPLNLQWHJULHUWHQ$OWHUVPR
GHOORIIHQEDUWHGDVV$NNXPXODWLRQVUDWHQVRZLHGLHJHVDPWH6HGLPHQWIUDFKWZlKUHQGGHU$N
WLYLWlWYRQ6XEIlFKHU&NRQVWDQWDQVWHLJHQ'LHVHUDQVWHLJHQGH(LQWUDJVFKHLQW9DULDWLRQHQLQ
GHQ'HQXGDWLRQVUDWHQLP4XHOOJHELHW]XUHIOHNWLHUHQZHOFKHZLHGHUXPPLW3OHLVWR]lQHQ.OL
PDYDULDWLRQHQYHUEXQGHQVHLQN|QQWHQ'HU6XEIlFKHU&ZLUGDXHUGHPYRQGUHLGH]LPHWHU
PlFKWLJHQVLFKUHJLRQDOHUVWUHFNHQGHQKHPLSHODJLVFKHQ/DJHQXQWHUEURFKHQ'HUHQ$EODJH
UXQJ ]HLJW NHLQH V\VWHPDWLVFKH 9HUELQGXQJPLW0HHUHVVSLHJHOVFKZDQNXQJHQ DXI VRQGHUQ
VFKHLQWDXWR]\NOLVFKJHVWHXHUW]XVHLQ'LHVH%HREDFKWXQJHQJHOWHQDXFKIUGLHKHPLSHODJL
VFKHQ/DJHQGLHLQGHQ/HYHHVGHV$NWLYHQ.DQDOVJHIXQGHQZXUGHQ'LHVH%HREDFKWXQJHQ
GHXWHQQLFKWQXUGDUDXIKLQGDVVGHU%HQJDOIlFKHUVLFKJHJHQVlW]OLFK]XGHQPHLVWHQDQGHUHQ
JURHQVXEPDULQHQ)lFKHUQYHUKlOWVRQGHUQDXFKDXIHLQHVHLWGHPPLWWOHUHQ3OHLVWR]lQNRQ
VWDQWH6HGLPHQW]XIXKU]XP)lFKHU
'LH(UJHEQLVVHGLHVHU$UEHLWOLHIHUQQHXH(UNHQQWQLVVHEHUGLH$UFKLWHNWXUXQG6WUDWLJUDSKLH
GHVXQWHUHQ%HQJDOIlFKHUVXQGVLQGHLQVLJQLILNDQWHU)RUWVFKULWWIUHLQYROOVWlQGLJHV9HUVWlQG
QLVGHV6HGLPHQWDUFKLYHVLQVHLQHUYROOHQ.RPSOH[LWlW'LHUHODWLYHVHLVPLVFKH6WUDWLJUDSKLH
GLHLP5DKPHQGLHVHU$UEHLWHQWZLFNHOWZXUGHLVWHLQZLFKWLJHU6FKULWWIUGLH9HUIHLQHUXQJGHU
&KURQRVWUDWLJUDILHHQWODQJGHV,2'3([SHGLWLRQ%RKUWUDQVHNWV=XVlW]OLFKZXUGHGLHVHLV
PLVFKH6WUDWLJUDSKLHLQHLQ.HUQ6HLVPLNLQWHJULHUWHV$OWHUVPRGHOOGDVVSH]LHOOIUGHQ,2'3
([SHGLWLRQ7UDQVHNWHQWZLFNHOWZXUGHLPSOHPHQWLHUW'DGXUFKZHUGHQHLQHUZHLWHUWHV9HU
VWlQGQLVGHU9DULDWLRQHQYRQ$NNXPXODWLRQVUDWHQXQGLKUHSRWHQWLHOOH9HUELQGXQJ]X0HHUHV
VSLHJHOVRZLH.OLPDYDULDWLRQHQHUP|JOLFKW



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Chapter 1 
1 Introduction 
1.1 Motivation and Objectives 
6XEPDULQHIDQVDUHDPRQJVWWKHODUJHVWVXEPDULQHVHGLPHQWDU\V\VWHPVLQWKHGHHSVHDDQG
DFRPPRQIHDWXUHDWFRQWLQHQWDOPDUJLQV7KH\VWRUHFRQWLQHQWDOVHGLPHQWVWUDQVSRUWHGYLD
ULYHUV WRPDUJLQDQGVKHOIDQGIXUWKHU LQWR WKHGHHSVHDDQGWKHUHE\DFWDVD IXQGDPHQWDO
DUFKLYHIRUWKHFRQWLQHQWDOWHFWRQLFDQGHURVLRQKLVWRU\DVZHOODVORQJDQGVKRUWWHUPFOLPDWH
YDULDWLRQVFig. 1.17KHODUJHVWVXEPDULQHIDQVIRXQGRQ(DUWKLQFOXGHWKH%HQJDO)DQCurray 
et al., 2003WKH,QGXV)DQClift et al., 2002WKH$PD]RQ)DQFlood et al., 1997WKH&RQJR
)DQBabonneau et al., 2002WKH0LVVLVVLSSL)DQTwichell et al., 1991DQGWKH0RQWHUH\
)DQFildani and Normark, 2004; Klaucke et al., 2004Fig. 1.2

 

Figure 1.1: Source-to-sink concept illustrating the connection of the onshore sediment production 
area and the deposition of sediments in the deep sea, mainly in submarine fans, thereby forming 
important archives of the climate and erosion history of the source area. Modified after Blum and 
Hattier-Womack, 2009. 

7KH%HQJDO)DQLVRISDUWLFXODUVFLHQWLILFLPSRUWDQFHDVLWLVQRWRQO\WKHODUJHVWVXEPDULQHIDQ
RQ(DUWKFig. 1.2EXWDOVRWKHSULPDU\UHFRUGIRURQHRIWKHNH\DUHDVLQWKHJOREDOFOLPDWH
V\VWHP±WKH+LPDOD\DQ0RXQWDLQVDQGWKH$VLDQ0RQVRRQ7KH$VLDQPRQVRRQLVRQHRIWKH
ODUJHVWFOLPDWHV\VWHPVDQGGLUHFWO\DIIHFWVELOOLRQVRISHRSOH,W LVGULYHQE\WKHODQGRFHDQ
WKHUPDOFRQWUDVWDQGLWVLQWHQVLW\FRQFXUUHQWO\LVDILUVWRUGHUFRQWURORQWKH+LPDOD\DQHURVLRQ
UDWHVGaly and France-Lanord, 2001; Mohtadi et al., 2016;Tada et al., 2016; Wang et al., 
20170RUHRYHUWKHPRQVRRQ¶VHYROXWLRQDQGYDULDELOLW\DUHVXVSHFWHGWREHGLUHFWO\OLQNHGWR
WKHHPHUJHQFHDQGXSOLIWRIWKH+LPDOD\DQ0RXQWDLQUDQJHDQGWKH7LEHWDQ3ODWHDXClift et 
al., 2008; Molnar et al., 2010; Chatterjee et al., 2013; Tada et al., 2016$GGLWLRQDOO\+LPDOD
\DQHURVLRQVHHPVWREHDQLPSRUWDQWGULYHURIFDUERQEXULDOWKHUHE\SOD\LQJDQLPSRUWDQWUROH
LQWKHJOREDOFDUERQF\FOHFrance-Lanord and Derry, 1997; Galy et al., 2007

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
Figure 1.2: Size-comparison of the Bengal Fan, the largest submarine fan system on Earth, with 
some other large submarine fan systems (e.g. the Indus Fan, the second largest fan on Earth. 
Modified after Barnes and Normark 1985, Babonneau et al., 2002, Mulder, 2011. 

$ERXWRIWKHPDWHULDOHURGHGLQWKH+LPDOD\DKDVEHHQGHSRVLWHGLQWKH%D\RI%HQJDO
ZKLFKPDNHVWKH%HQJDO)DQWKHPRVWFRPSOHWHUHFRUGRIWKH+LPDOD\DQHURVLRQDQGZHDWK
HULQJKLVWRU\7KLVVHGLPHQWDU\UHFRUGSURYLGHVDXQLTXHRSSRUWXQLW\WRVWXG\WKH+LPDOD\DQ
HURVLRQKLVWRU\WKHUHE\DOORZLQJWRJDLQQHZLQVLJKWVLQWRLWKHV\VWHP¶VSRWHQWLDOLPSDFWRQ
WKHJOREDOFDUERQF\FOHLLWKHWLPLQJDQGQDWXUHRIWKH,QGLDQ$VLDQFROOLVLRQDVZHOODVLLL
WKHVWLOOGHEDWHGOLQNDJHRIWKH+LPDOD\DQ0RXQWDLQV7LEHWDQ3ODWHDXXSOLIWDQGWKHHYROXWLRQ
RIWKH$VLDQ0RQVRRQ,QWKDWFRQWH[WWKH%HQJDO)DQKDVEHHQWKHWDUJHWRIWZRGHHSGULOOLQJ
FDPSDLJQVLQWKHODVWGHFDGHV'6'3([SHGLWLRQ2'3([SHGLWLRQVon der Borch et 
al., 1974; Cochran, 1990Fig. 1.97KHVHGLPHQWDU\UHFRUGGHULYHGGXULQJWKHVHH[SHGLWLRQV
KDVDPRQJVWRWKHUVUHYHDOHGFKDQJHVLQOLWKRORJ\DFFXPXODWLRQUDWHVJUDLQVL]HVDQGFKHP
LFDOFRPSRVLWLRQDQGKDVEHHQXVHGWRUHFRQVWUXFW+LPDOD\DQHURVLRQUDWHVYHJHWDWLRQDQG
FDUERQEXULDO HJStow et al., 1990; France-Lanord et al., 1993; 2016; France-Lanord and 
Derry, 1994, 1997; Galy et al., 2007
0RVWRIWKH%HQJDO)DQVHGLPHQWLVGLVWULEXWHGDORQJDQGVWRUHGZLWKLQFKDQQHOOHYHHV\VWHPV
3UHYLRXVVWXGLHVKDYHVKRZQWKDWWKHVHFKDQQHOOHYHHV\VWHPVDUHRQHRIWKHPDLQDUFKLWHF
WXUDOHOHPHQWVRIWKHIDQHJSchwenk and Spieß, 2009+RZHYHUIUHTXHQWFKDQQHODYXO
VLRQVUHVXOWLQWKHODWHUDOPLJUDWLRQRIWKHPDLQGHSRFHQWHUCurray et al., 2003; Schwenk et 
al., 20037KXVLWOLHVZLWKLQWKHQDWXUHRIWKHIDQWKDWGHSRVLWLRQLVKLJKO\GLVFRQWLQXRXVDWDQ\
RQHVLWH,QRUGHUWRRYHUFRPHWKHFKDOOHQJHVJHQHUDWHGE\WKHWHPSRUDODQGODWHUDOGHSRFHQWHU
PLJUDWLRQWKH%HQJDO)DQKDVEHHQUHYLVLWHGE\,2'3H[SHGLWLRQLQFrance-Lanord 
et al., 2016'XULQJWKLVH[SHGLWLRQVHYHQVLWHVDOLJQHGDORQJDZHVWHDVWWUDQVHFWDW1ZHUH
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GULOOHGFigs. 1.3, 1.8 and 1.9'ULOOLQJORFDWLRQVIRUWKLVH[SHGLWLRQZHUHGHVLJQHGEDVHGRQDQ
H[WHQVLYHVHLVPRDFRXVWLFGDWDVHWDFTXLUHGGXULQJWKUHH596RQQHH[SHGLWLRQVWRWKH%HQJDO
)DQ62LQ62LQDQG62LQFig. 1.37KH1WUDQVHFWDWWKH
ORZHU%HQJDO)DQ UHSUHVHQWVDQ LGHDO ORFDWLRQ WR LQYHVWLJDWH WKH%HQJDO)DQ¶VGHSRVLWLRQDO
KLVWRU\LQKLJKUHVROXWLRQZKLOHFRYHULQJDODUJHWLPHVSDQUHDFKLQJEDFNWRWKH(DUO\0LRFHQH
7KXVZHXWLOL]HGDQLQWHJUDWHGGDWDVHWFRPELQLQJWKHKLJKUHVROXWLRQVHLVPRDFRXVWLFGDWDZLWK
,2'3([SHGLWLRQGULOOLQJUHVXOWV7KLVQRYHOGDWDVHWHQDEOHVXVWRH[DPLQHWKHODWHUDODQG
WHPSRUDOVXFFHVVLRQRIWHUUHVWULDOLQSXWDORQJWKHHQWLUHWUDQVHFWWKHUHE\UHILQLQJWKHVWUDWLJUD
SK\RIWKHGULOOLQJWUDQVHFW2QWKLVEDVLVIXUWKHULQVLJKWVLQWRWKHWHFWRQLFFOLPDWHLQWHUDFWLRQRI
WKHVRXUFHDUHDDQGWKH,QGLDQ0RQVRRQHYROXWLRQFDQEHJDLQHG0RUHRYHUWKHXQLTXHGD
WDVHWRIKLJKUHVROXWLRQVHLVPLFOLQHVDQG,2'3GULOOVLWHVDOORZVIRUWKHILUVWWLPHDFRPSOHWH
DQGGHWDLOHGVWXG\RI%HQJDO)DQ¶VWUDQVSRUWPHFKDQLVPVDQGGHSRVLWLRQDOSURFHVVHV7KHLU
XQGHUVWDQGLQJLVDQHVVHQWLDOSUHUHTXLVLWHWRXOWLPDWHO\FRQQHFWFKDQJHVLQWKHVHGLPHQWDU\
VLQNZLWKFKDQJHVLQWKHVHGLPHQWDU\VRXUFH

:LWKLQWKLVFXPXODWLYHWKHVLVWKUHHVWDQGDORQHUHVHDUFKPDQXVFULSWVDUHSUHVHQWHG7KHWKUHH
VWXGLHVDLPWRZDUGVDQVZHULQJWKHEHORZRXWOLQHGUHVHDUFKTXHVWLRQGHILQHGEDVHGRQWKH
JHQHUDOFRQVLGHUDWLRQVUHOHYDQWIRUUHVHDUFKRIWKHVHGLPHQWDU\V\VWHP%HQJDO)DQ


:KDWLVWKHYDULDELOLW\RIOHYHHGHSRVLWLRQLQDQDFWLYHO\PHDQGHULQJFKDQQHODQGKRZGRHVLW
DIIHFWWKHLQWHUSUHWDWLRQRIOHYHHVHGLPHQWFRUHV"
&KDQQHOOHYHHV\VWHPVDUHRQHRIWKHPDLQVHGLPHQWGLVWULEXWRUVDFURVVDQGDORQJVXEPDULQH
IDQV8QGHUVWDQGLQJWKHLUGHSRVLWLRQDOEHKDYLRULVDQHVVHQWLDOSUHUHTXLVLWHWROLQNWKHVLJQDO
UHFRUGHGLQWKHVLQNZLWKFKDQJHVLQWKHVRXUFHDUHD7KHLQIOXHQFHRIFKDQQHOVLQXRVLW\RQ
RYHUVSLOO GHSRVLWLRQ KDV EHHQ LQWHQVLYHO\ VWXGLHG E\ QXPHULFDO DQG VDQGER[ PRGHOV HJ
Peakall et al., 2000; Straub et al., 2008, Huang et al., 2012+RZHYHUPRVWRIWKHVHPRGHOV
KDYHWRXVHVLPSOLILHGERXQGDU\FRQGLWLRQVVXFKDVVWDWLFVLQXRVLW\GRZQVL]LQJRUQRQHURVLYH
FKDQQHOV7KHLQWHJUDWLRQRIKLJKUHVROXWLRQ3DUDVRXQGGDWDRIWKHODWHVWDFWLYHFKDQQHORIWKH
%HQJDO)DQZLWKOLWKRORJLFDODQGFKURQRVWUDWLJUDSKLFLQIRUPDWLRQIURPWKHOHYHHFRUHSURYLGHV
WKHH[FHOOHQWRSSRUWXQLW\WRFRQGXFWDGHWDLOHGVWXG\RQWKHGHSRVLWLRQDOEHKDYLRURIDQDFWLYHO\
PHDQGHULQJFKDQQHOOHYHHV\VWHPLQDQDWXUDOVHWWLQJLQKLJKUHVROXWLRQ7KLVGDWDVHWIXUWKHU
PRUHSURYLGHVHVVHQWLDO LQIRUPDWLRQRQWKHVKRUWWHUPLPSDFWRIRYHUVSLOOLQJ IURPDVLQXRXV
FKDQQHORQ OHYHHDFFXPXODWLRQ UDWHVDQGKRZ WKLVDIIHFWV WKH LQWHUSUHWDWLRQRIFRUHV WDNHQ
ZLWKLQDOHYHHChapter 3



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:KHQZDVWKHActive ChannelLQLWLDWHGDQGDUHWKHUHDQ\LQGLFDWRUVIRULQWHUPLWWHQWFKDQQHO
OHYHHHYROXWLRQ"
7KH%HQJDO)DQGLIIHUVIURPPRVWRWKHUODUJHVXEPDULQHIDQVEHFDXVHLWLVFRQVLGHUHGDVDQ
DFWLYHIDQHYHQWKURXJKRXWWKH+RORFHQHVHDOHYHOULVH7KH+RORFHQHWUDQVSRUWSDWKZD\LVWKH
VRFDOOHGActive ChannelH[WHQGLQJIURPWKH6ZDWFKRI1R*URXQGVKHOIFDQ\RQVRXWKWRWKH
HTXDWRU Fig. 1.106HGLPHQWFRUHV WDNHQ IURPWKH OHYHHVRI WKH$FWLYH&KDQQHODW1
UHYHDOHGDFWLYHRYHUVSLOOLQJIURPDWOHDVWNDWRND%3Weber et al., 1997; Hein et al., 
2017+RZHYHUKLJKUHVROXWLRQ3DUDVRXQGGDWDVKRZWKDWWKHFRUHVWDNHQDW1GRQRW
UHDFKWKHOHYHHEDVHDQGWKXVGRQRWFRYHUWKHHQWLUHOLIHWLPHRIWKH$FWLYH&KDQQHOHein et 
al., 20170RUHRYHUXQGHUVWDQGLQJWKHDORQJIDQYDULDWLRQVLQFKDQQHOHYROXWLRQDQGVHGLPHQW
GHSRVLWLRQLVFUXFLDOWRHYHQWXDOO\EHDEOHWRFRPSUHKHQGWKHYDULDELOLW\RIVXFKDODUJHVHGL
PHQWDUFKLYH:H LQWHJUDWHDJULGRIKLJKUHVROXWLRQVHLVPRDFRXVWLFGDWDDFURVV WKH$FWLYH
&KDQQHODWWKHORZHU%HQJDO)DQZLWK,2'3([SHGLWLRQGULOOLQJUHVXOWV6LWH87KLV
FRPSUHKHQVLYHDSSURDFKZLOODOORZ WRDVVHVV WKHRQVHWRIVHGLPHQW WUDQVSRUW LQ WKH$FWLYH
&KDQQHODVZHOODVWRLQYHVWLJDWHZKHWKHU+RORFHQHDFWLYLW\DOVRSURFHHGHGDWWKHORZHU%HQJDO
)DQChapter 3

:KDWDUHWKHWHPSRUDODQGVSDWLDOG\QDPLFVRIVHGLPHQWSDWKZD\PLJUDWLRQVDFURVVWKH%HQJDO
)DQRQORFDOFKDQQHODQGUHJLRQDOVXEIDQVFDOHV"
3UHYLRXVVWXGLHVVKRZWKDWWKH%HQJDO)DQVHGLPHQWDWLRQLVKLJKO\GLVFRQWLQXRXVDWDJLYHQ
ORFDWLRQHJCurray et al., 2003; Schwenk et al., 2003; Schwenk and Spieß, 20097KHDUHD
RIDFWLYHGHSRVLWLRQPLJUDWHVODWHUDOO\DFURVVDQGDORQJWKH%HQJDO)DQRQWKHVFDOHRIFKDQQHO
OHYHHV\VWHPV0RUHRYHULWKDVEHHQVXJJHVWHGWKDWFKDQQHOOHYHHV\VWHPVDUHRUJDQL]HGLQ
VXEIDQVZKLFKFKDQJHGHSRVLWLRQORFDWLRQDVZHOO+RZHYHUQHLWKHUWKHWHPSRUDOQRUWKHVSD
WLDOG\QDPLFVRIGHSRFHQWHUPLJUDWLRQDUHNQRZQ7KHLQWHJUDWLRQRIVHLVPRDFRXVWLFGDWDZLWK
,2'3([SHGLWLRQGULOOLQJUHVXOWVDOORZVFRQGXFWLQJDFRPSUHKHQVLYHDQDO\VLVRIWKHRYHUDOO
VW\OHDQGYDULDELOLW\RIGHSRVLWLRQ7KLVLQFOXGHVWKHDVVHVVPHQWRIWHPSRUDODQGODWHUDOGHSR
FHQWHUPLJUDWLRQWKHUHE\DGYDQFLQJRXUFRPSUHKHQVLRQRIWKHRYHUDOOIDQG\QDPLFVDQGWKH
WUDQVHFW¶VFKURQRVWUDWLJUDSK\Chapter 4

:KLFKOLWKRORJ\LVGRPLQDWLQJWKHORZHU%HQJDO)DQ"
7KH%HQJDO)DQLVFODVVLILHGDVDPXGULFKIDQDQGFKDQQHOOHYHHV\VWHPVVHHPWRGRPLQDWH
IDQFRQVWUXFWLRQVLQFHWKH/DWH0LRFHQHRichards et al., 1998; Schwenk and Spieß, 2009
6XUSULVLQJO\WKHFRUHVUHFRYHUHGGXULQJ,2'3([SHGLWLRQFRQWDLQHGVLJQLILFDQWDPRXQWV
RIVDQGFig. 1.148QUDYHOLQJZKHWKHUVDQGGHSRVLWLRQPD\KDYHDPRUHLPSRUWDQWSDUWLQIDQ
FRQVWUXFWLRQWKDQLQJHQHUDOH[SHFWHGZLOOEHYLWDOIRUWKHDVVHVVPHQWRIVSDWLDOG\QDPLFVRI
IDQGHSRVLWLRQ,IVRWKHJHQHUDOXQGHUVWDQGLQJRIODUJHVXEPDULQHIDQVPD\KDYHWREHUHDV
VHVVHG
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:KDWFRQWUROVZLGHVSUHDGKHPLSHODJLFGHSRVLWLRQRQWKHORZHU%HQJDO)DQ"
,2'3([SHGLWLRQUHYHDOHGWKHH[LVWHQFHRIWZRVHYHUDOPHWHUVWKLFNKHPLSHODJLFOD\HUV
IURP0LGGOHDQG/DWH3OHLVWRFHQH WLPHVDVZHOO DVQXPHURXVGHFLPHWHUVFDOHKHPLSHODJLF
OD\HU ,Q JHQHUDO KHPLSHODJLF GHSRVLWLRQ RQ VXEPDULQH IDQV LV DVVRFLDWHG ZLWK VHDOHYHO
KLJKVWDQGVZKHQVHGLPHQWLVVHTXHVWHUHGWRWKHVKHOIDQGWKHIDQLVVWDUYHG2QHZHOOVWXGLHG
H[DPSOH VKRZLQJ VXFK D F\FOLF UHFXUUHQFH RI KHPLSHODJLF GHSRVLWLRQ LV WKH $PD]RQ )DQ
Maslin et al., 2006+RZHYHUUHVHDUFKRQWKH$FWLYH&KDQQHOVKRZHGWKDWVHGLPHQWGHOLYHU\
WRWKH%HQJDO)DQSURFHHGHGWKURXJKRXWWKH+RORFHQHKLJKVWDQGWeber et al., 1997; Hein et 
al., 2017$VLPLODUFRQVWDQWULYHUIDQFRQQHFWLRQLQHDUOLHUWLPHVZRXOGLPSO\WKDWWKH%HQJDO
)DQEHKDYHVFRQWUDGLFWRU\WRRWKHUODUJHVXEPDULQHIDQV7KHQKHPLSHODJLFGHSRVLWLRQZRXOG
EHHLWKHUDXWRF\FOLFFRQWUROOHGRUUHIOHFWYDULDWLRQVLQFRQWLQHQWDOHURVLRQChapter 3, 4 and 5

+RZYDULDEOHDUHVHGLPHQWDFFXPXODWLRQUDWHVRQWKHORZHU%HQJDO)DQVLQFHWKH0LGGOH3OHLV
WRFHQH"$QGZKDWFDQEHVDLGDERXWWKHLUFRQWUROOLQJIDFWRUV"
7KHGHSRVLWLRQDOFKDUDFWHULVWLFVRIWKH%HQJDO)DQUHVXOWLQGLVFRQWLQXRXVUHFRUGVDWDJLYHQ
ORFDWLRQ7KHZHVWHDVWWUDQVHFWGULOOHGGXULQJ,2'3([SHGLWLRQSURYLGHVDQHDUO\FRQWLQ
XRXVVHGLPHQWDU\UHFRUGRIWKH3OHLVWRFHQHFrance-Lanord et al., 20161RQHWKHOHVVLWUH
PDLQVFKDOOHQJLQJWRSURYLGHDKLJKUHVROXWLRQFKURQRVWUDWLJUDSK\RIWKHSUHGRPLQDQWO\WHUUHV
WULDOPDWHULDO7KHVHLVPLFVWUDWLJUDSK\GHYHORSHGLQWKHVFRSHRIWKLVWKHVLVChapter 4FDQ
EH LPSOHPHQWHG LQWRD FRUHVHLVPLF LQWHJUDWHGDJHPRGHO VSHFLDOO\ GHVLJQHG IRU WKH ,2'3
([SHGLWLRQGULOOLQJWUDQVHFWReilly et al. (in prep7KLVDOORZVIRUDQLPSRUWDQWDGYDQFH
PHQWLQWKHWUDQVHFW¶VFKURQRVWUDWLJUDSK\DQGSURYLGHVQRYHOLQVLJKWVLQWRWKHUHJLRQDOGHSRVL
WLRQRIKHPLSHODJLFVHGLPHQWVDQGWKHYDULDWLRQVLQVHGLPHQWDWLRQUDWHGXULQJWKH0LGGOH3OHLV
WRFHQHDQGWKHLUSRWHQWLDOOLQNDJHWRVHDOHYHODQGFOLPDWHYDULDELOLW\


Figure 1.3: Overview map of the working area at the lower Bengal fan (around 8°N), the acquired 
seismoacoustic dataset utilized in this thesis, and IODP Expedition 354 drill sites (U1449-U1455). 
MCS: Multichannel seismic data. Blue lines: SO93 data; red lines: SO125 data (GeoB97-); black 
lines: SO188 data (GeoB06-). Surface channels (Active Channel, E4-E6) after Curray et al., 2003. 

7KHKHUHUHIHUHQFHGPDQXVFULSWLQSUHSDUDWLRQUHIHUVWRWKHPDQXVFULSWSUHVHQWHGLQ$SSHQGL[
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1.2 Submarine channel-levee systems 
6XEPDULQHFKDQQHOOHYHHV\VWHPV LQLWLDWHGDQG IRUPHGE\GRZQVORSH IORZLQJ WXUELGLW\FXU
UHQWVSOD\DQLPSRUWDQWUROHDVFRQGXLWVIRUWKHWUDQVSRUWRIWHUUHVWULDOPDWHULDORYHUKXQGUHGV
RUWKRXVDQGVRINLORPHWHULQWRWKHGHHSVHDDQGDORQJWKHDE\VVDOSODLQVRichards et al., 1998
Stow and Mayall, 2000; Wynn et al., 2007; Peakall and Sumner, 20157KH\DUHDFRPPRQ
IHDWXUHRQ WKH%HQJDO)DQ Emmel and Curray, 1983; Hübscher et al., 1997; Curray et al., 
2003Schwenk et al., 2005DVZHOODVRQRWKHUVXEPDULQHIDQVVXFKDVWKH,QGXVClift et al., 
2002, Geadicke et al., 2002WKH$PD]RQFlood et al., 1997;Lopez 2001; Pirmez and Imran, 
2003DQGWKH&RQJR)DQBabonneau et al., 2002, 2010; Savoye et al., 2009;
6XEPDULQHFKDQQHOVWHQGWRPHDQGHUDQGDUHRIWHQKLJKO\VLQXRXVZLWKVLQXRVLW\FKDQJLQJDV
DIXQFWLRQRIVORSHDQGODWLWXGHWynn et al., 2007; Peakall and Sumner, 2015 and references 
therein6XEPDULQHFKDQQHOVHYROYHZLWKHYHU\IORZWKH\H[SHULHQFHDQGIRUPFRPSOH['
GHSRVLWLRQDOV\VWHPVFKDUDFWHUL]HGE\WKDOZHJDQGPHDQGHUPLJUDWLRQHURVLRQDQGFXWEDQN
GHYHORSPHQWSRLQWEDUGHSRVLWLRQFKDQQHODYXOVLRQWKHIRUPDWLRQRIFXWRIIORRSVDQGRUWHU
UDFHVDQGRYHUEDQNGHSRVLWLRQFig. 1.3HJPeakall et al., 2000; Schwenk et al., 2005; Kolla 
et al., 2007; Wynn et al., 2007



Figure 1.4: 3D-view of a surface channel-levee system of the Bengal Fan highlighting the complex 
interaction of lateral channel migration, channel avulsions, the formation of cut-off loops and ter-
races, erosion at cut banks and the formation of point bars.  



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1.2.1 Evolution and architecture of channel-levee systems 
7KHIRUPDWLRQRIVXEPDULQHFKDQQHOVLVLQLWLDWHGE\VHGLPHQWODGHQVHOIFKDQQHOL]LQJWXUELGLW\
FXUUHQWV Imran et al., 1998 ,QPDQ\VXEPDULQH IDQV WKH WXUELGLW\FXUUHQWVDUH LQLWLDWHG LQ
FDQ\RQVLQFLVHGLQWRWKHVKHOIRUVORSHFRQYH\LQJWKHULYHUGHULYHGVHGLPHQWVIURPWKHULYHU
PRXWKIXUWKHUWRWKHGHHSVHDRichards et al., 1998; Wynn et al., 2007
7KHLQWHUSOD\EHWZHHQIORZSURSHUWLHVRIWKHWXUELGLW\FXUUHQWIORZGHQVLW\IORZWKLFNQHVVRU
KHLJKWJUDLQVL]HRIWKHVXVSHQGHGVHGLPHQWZLWKWKHDFWXDOVORSHGHWHUPLQHVLIDFKDQQHOLV
DJJUDGDWLRQDORUHURVLRQDOKneller, 20037KHUHODWLRQRIWKHHTXLOLEULXPSURILOHGHWHUPLQHG
E\ WKH IORZSURSHUWLHV WR WKHDFWXDOVORSHFRQWUROVZKHUHDFFRPPRGDWLRQRUHURVLRQRFFXU
Fig. 1.5$UHGXFWLRQLQIORZVL]HRUGHQVLW\RUDQLQFUHDVHLQJUDLQVL]HVWHHSHQVWKHHTXLOLE
ULXPSURILOHDQGJHQHUDWHVDFFRPPRGDWLRQVSDFH$QLQFUHDVHLQIORZVL]HRUGHQVLW\LQFUHDVH
RUDGHFUHDVHLQJUDLQVL]HKRZHYHUFDQGHFUHDVHWKHUDWHRIDFFRPPRGDWLRQRUHYHQUHVXOW
LQDQHURVLRQDOFKDQQHO Fig. 1.5 Kneller, 2003$VLQJOHFKDQQHOFDQH[SHULHQFHVHYHUDO
FKDQJHVLQLWVHTXLOLEULXPJUDGLHQWDQGJRWKURXJKPRUHWKDQRQHLQFLVLRQPLJUDWLRQDQGDJ
JUDGDWLRQF\FOHVWKHUHE\IRUPLQJFRPSOH[VXEVXUIDFHJHRPHWULHVSylvester et al., 2011


Figure 1.5: Schematic sketch of the relation of the equilibrium profile of a channel to the actual 
slope profile generating areas of potential erosion or accommodation of a channel. Modified after 
Kneller, 2003.  

6XEPDULQHFKDQQHOVDUHRIWHQDVVRFLDWHGZLWKOHYHHVZHGJHVKDSHGVHGLPHQWGHSRVLWVIODQN
LQJWKHFKDQQHOFig. 1.6/HYHHVFDQEHWHQVWRKXQGUHGWKPHWHUVLQKHLJKWDQGH[WHQGIRU
WHQVRINLORPHWHUVDZD\IURPWKHFKDQQHOD[LVWynn et al., 2007/HYHHVDUHGHSRVLWHGZKHUH
WXUELGLW\FXUUHQWVRYHUVSLOORQWRWKHRYHUEDQNDUHDVHLWKHUEHFDXVHWKH\H[FHHGWKHFKDQQHO
UHOLHIRUEHFDXVHWKHPRPHQWXPRIWKHFXUUHQWGULYHVWKHPRXWRIWKHFKDQQHOFRQILQHPHQW
7KHVXGGHQORVVLQFRQILQHPHQWGHFHOHUDWHVWKHFXUUHQWDQGOHDGVWRGHSRVLWLRQRIWKHWUDQV
SRUWHGPDWHULDOFig. 1.6&RPPRQO\LWLVGLIIHUHQWLDWHGEHWZHHQWKUHHRYHUVSLOOLQJHQGPHP
EHUVWKHLQHUWLDORYHUVSLOOIORZVWULSSLQJDQGWKHFRQWLQXRXVRYHUVSLOORQERWKVLGHV
RIWKHFKDQQHOPiper and Normark, 1983;Peakall et al., 2000; Hansen et al., 2015&RPSOHWH
LQHUWLDORYHUVSLOOVUHIHUVWRWKHVFHQDULRRIWKHHQWLUHIORZH[LWLQJWKHFKDQQHODWDFKDQQHOEHQG
Fig. 1.6&RPSOHWHLQHUWLDORYHUVSLOOLVDUDUHH[WUHPHFDVHRIRYHUVSLOOLQJDQGUHTXLUHVWKH
NLQHWLFHQHUJ\RIWKHIORZWRH[FHHGWKHSRWHQWLDOHQHUJ\UHODWHGWRWKHFKDQQHOUHOLHIStraub 
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et al., 2011'XULQJIORZVWULSSLQJRUSDUWLDOLQHUWLDORYHUVSLOOWKHXSSHUORZHUGHQVLW\SDUWRI
WKHFXUUHQWOHDYHVWKHFKDQQHOFRQILQHPHQWZKLOHWKHORZHUKLJKGHQVLW\SDUWUHPDLQVZLWKLQ
WKHFKDQQHOPiper and Normark, 1983; Peakall et al., 2000Fig. 1.6/LNHWKHFRPSOHWHLQHUWLDO
RYHUVSLOOIORZVWULSSLQJRFFXUVPDLQO\DWFKDQQHOEHQGV&RQWLQXRXVRYHUVSLOOWRERWKVLGHVRI
WKHFKDQQHO Fig. 1.6 LV WKHYROXPHWULFDOO\PRVW LPSRUWDQWRYHUVSLOO W\SHDQGRFFXUVZKHUH
FXUUHQWKHLJKWH[FHHGVWKHFKDQQHOUHOLHIPeakall et al., 2000
/HYHHVDUHFKDUDFWHUL]HGE\DQXSZDUGDQGODWHUDOO\ILQLQJWUHQGLQJUDLQVL]HGXHWRWKHYHUWLFDO
VWUDWLILFDWLRQZLWKLQWKHPL[HGORDGHGWXUELGLW\FXUUHQWVPirmez and Imran, 2003; Meiburg and 
Kneller, 2010; Peakall and Sumner, 2015 and references therein0RVWFKDQQHOOHYHHV\VWHPV
DUHXQGHUODLQE\OREHVPosamentier and Kolla, 2003; Wynn et al., 2007; Savoye et al., 2009; 
Picot et al., 2016



Figure 1.6: A: Schematic sketch of a submarine channel flanked by wedge-shaped levees depos-
ited via overspill. B: Complete inertial overspill: The whole current escapes the channel confine-
ment at channel bends. C: Flow stripping (or partial inertial overspill): The upper, less dense, part 
of the flow spills over at channel bends. D: Complete overspill: Overspill at both channel sides 
where the turbidity current height exceeds the channel relief. Modified after Hansen et al., 2015. 


Figure 1.7: Schematic sketch of the downslope evolution of the sand-mud ratio. The turbidity cur-
rent traversing the channel is vertically stratified with the coarse fraction transported at the base of 
the flow. With every overspill event of the upper, more dilute part of the flow, the relative amount 
of sand increases. Where levee height and height of the high-density part of the flow are alike 
(channel-lobe transition zone) sand can overspill and lobes are deposited. Modified after Posa-
mentier and Kolla, 2003 and Hansen et al., 2015.  
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/REHVDUHGHSRVLWHGDWWKHFKDQQHOWHUPLQDWLRQZKHUHWKHOHYHHKHLJKWLVQRWVXIILFLHQWDQ\
PRUHWRIXUWKHUFRQVWUDLQWKHIORZ'XHWRHLWKHUFRQWLQXRXVRUVSRUDGLFRYHUVSLOORIWKHILQH
JUDLQHGSDUWRIWKHWXUELGLW\FXUUHQWGXULQJLWVGRZQVORSHSURJUDGDWLRQWKHVDQGPXGUDWLRRI
WKHIORZLQFUHDVHVGRZQVORSHFig. 1.7Posamentier and Kolla, 20037KLVUHVXOWVLQOREHV
FRQVLVWLQJRIWKHFRDUVHJUDLQHGRIWHQVDQG\PDWHULDOWUDQVSRUWHGDVEHGORDGFRQILQHGZLWKLQ
WKHFKDQQHOPirmez et al., 1997; Lopez, 2001; Klaucke et al., 2004; Jegou et al., 2008

1.2.2Modeling of channel-levee evolution 
'XH WR WKH LQIUHTXHQWQDWXUHRI FXUUHQWV IORZLQJ WKURXJKVXEPDULQHFKDQQHOVDQGEHFDXVH
PRVWV\VWHPVDUHLQDFWLYHVLQFHWKH+RORFHQHVHDOHYHOULVHREWDLQLQJGLUHFWPHDVXUHPHQWV
RIIORZVWUDYHUVLQJVXEPDULQHFKDQQHOVLVH[WUHPHO\GLIILFXOW7KHUHIRUHODERUDWRU\H[SHULPHQWV
DQGQXPHULFDOPRGHOOLQJSOD\DQ LPSRUWDQW UROH LQ VWXGLHV LQYHVWLJDWLQJ VXEPDULQH FKDQQHO
SURFHVVHVHJImran et al., 1998; Peakall et al., 2000, 2007; Kane et al., 2008, 2010; Straub 
et al., 2008, 2011; Amos et al., 2010; Sylvester et al., 2011; Huang et al., 2012; Ezz et al., 
2013; Peakall and Sumner, 20156HYHUDORIWKHVHVWXGLHVGHDOZLWKGHSRVLWLRQDOG\QDPLFVRI
WXUELGLW\FXUUHQWVLQVXEPDULQHFKDQQHOVWKHLQWHUDFWLRQRIFKDQQHOVLQXRVLW\DQGIORZSURSHU
WLHVDVZHOODVWKHHYROXWLRQDQGDUFKLWHFWXUHRIVXEPDULQHOHYHHV/DERUDWRU\H[SHULPHQWVRQ
WKHHYROXWLRQRIVLQXRXVFKDQQHOV Fig. 1.8 UHYHDOHGDVWURQJFURVVFKDQQHODV\PPHWU\DW
FKDQQHOEHQGV Straub et al., 2008, 2011; Kane et 
al., 2010; Huang et al., 2012/HYHHVGHSRVLWHGDW
WKHRYHUEDQNDUHDRI WKHRXWHUFKDQQHOEHQGVFXW
EDQN DUH WKLFNHU PDGH XS RI FRDUVHU JUDLQV DQG
KDYHVWHHSHUIODQNVWKDQWKHOHYHHVGHSRVLWHGDWWKH
LQQHUEHQGRYHUEDQNDUHDSRLQWEDUFig. 1.8Kane 
et al. (2010)SUHVHQWDSK\VLFDOPRGHORIDVLQXRXV
FKDQQHOEHQGXQGHUJRLQJIORZHYHQWV$OUHDG\DI
WHUIORZHYHQWVWKHOHYHHRQWKHRXWHUEHQGLVVLJ
QLILFDQWO\ WKLFNHU WKDQ WKH OHYHH RQ WKH LQQHU EHQG
Fig. 1.87KH LQFUHDVHGWKLFNQHVVRQRXWHUEHQGV
VHHPV WR EH DFFRPSDQLHG E\ FRDUVHU JUDLQ VL]HV
Amos et al., 2010; Huang et al., 20120RUHRYHU
WKHUHVHHPVWREHDUHODWLRQEHWZHHQFKDQQHOVLQX
RVLW\DQGWKHVKDSHRIWKHOHYHH/HYHHVRQWKHLQQHU
Figure 1.8: Physical model of a sinuous channel bend (Kane et al., 2010). A: 3D-view of the channel 
bend after 5 flow events. B and C: Transects (see A for location) through the channel and overbank
deposits after 5 flow evens. B: Proximal transect at a straight channel section. Both, levees and
channel fill are approximately symmetric. C: Transect at sinuous channel section. Asymmetric lev-
ees with the taller levee at the outer bend side. Modified after Kane et al., 2010. 
Introduction 

16 

EHQGVLGHDUHFRQYH[XSZDUGVKDSHGZKHUHDV OHYHHVRQ WKHRXWHUEHQGVLGHDUHFRQFDYH
XSZDUGVKDSHGHuang et al., 20122YHUDOOWRWDORYHUVSLOOVHHPVWRLQFUHDVHZLWKLQFUHDVLQJ
FKDQQHOVLQXRVLW\DQGLQJHQHUDOIROORZVWKHSUHEHQGGLUHFWLRQHuang et al., 2012; Ezz et al., 
2013:KHUHFKDQQHOVDUHDOPRVWVWUDLJKWKRZHYHUWKHOHYHHVRQERWKVLGHVRIWKHFKDQQHO
GHYHORSUHODWLYHO\V\PPHWULFDOO\Straub et al., 2008; Kane et al., 2010; Huang et al., 2012

1.3 Regional Setting 
7KHVXEPDULQH%HQJDO)DQGULOOHGGXULQJ,2'3([SHGLWLRQ(Figs. 1.9-1.11LVVLWXDWHGLQ
WKHQRUWKHDVWHUQ,QGLDQ2FHDQERUGHUHGE\,QGLDDQG6UL/DQNDLQWKHZHVW%DQJODGHVKDQG
0\DQPDULQWKHQRUWKDQGWKH$QGDPDQ1LFREDU5LGJHDQG6XPDWUDLQWKHHDVWFig. 1.97KH
IDQHYROYHGDVDGLUHFWUHVSRQVHRIWKH,QGLDQ$VLDQFROOLVLRQDQGWRGD\H[WHQGVRYHUNP
IURP WKHVKHOI RII%DQJODGHVKVRXWKZDUGV WR6 Curray et al., 20037KH%HQJDO)DQ LV
XQGHUODLQE\WZRDVHLVPLFULGJHVHPSODFHGGXULQJWKHQRUWKZDUGVMRXUQH\RIWKH,QGLDQ3ODWH
Figs. 1.9 and 1.10Gopala Rao et al., 1997; Krishna et al., 2001a; Curray et al., 2003



Figure 1.9: Overview map of the Bengal Fan in the northern Indian Ocean and the major onshore 
sediment delivering rivers, the Ganges and Brahmaputra. Blue isolines indicate the total sediment 
thickness in kilometers from sea floor to the oceanic second layer (redrawn after Curray, 1994).  
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2QHRIWKHPLVWKH(5LGJHZKLFKEHJDQWRIRUPa0DDJRGopala Rao et al., 1997; 
Ismaiel et al., 2017 DQGZKLFK FRQVLVW RI16 WUHQGLQJPRUSKRORJLFDO KLJKV Bastia et al., 
2010a7KHULGJHURXJKO\IROORZVWKHPHULGLDQEHWZHHQa6DQG1DQGIXUWKHUFRQ
WLQXRXVEHORZWKH0DKDQDGLVKHOILQQRUWKHDVW,QGLDBastia et al., 2010a7KHVHFRQGDVHLV
PLFULGJHLVWKH1LQHW\HDVW5LGJHZKLFKZDVIRUPHGE\WKH.HUJXHOHQKRWVSRWEHWZHHQa
0\UVGopala Rao et al., 1997; Krishna et al., 2001a, Krishna et al., 2012DQGZKLFKVWULNHV
DORQJ WKH WKPHULGLDQ6LQFH WKH0LGGOH3DOHRFHQH WKH1LQHW\HDVW5LGJH VHSDUDWHV WKH
%HQJDO)DQIURPLWVVHFRQGOREHWKH1LFREDU)DQZKLFKLVWRGD\VLWXDWHGLQWKH$QGDPDQ6HD
Figs. 1.9 and 1.10McNeill et al., 2017a%RWKULGJHVDUHSDUWO\H[SRVHGDWWKHVHDIORRULQ
WKH VRXWKHUQ ,QGLDQ2FHDQDQGEXULHGXQGHU%HQJDO)DQVHGLPHQWV LQ WKHQRUWKHUQ ,QGLDQ
2FHDQGopala Rao et al., 1997, Krishna et al., 2001a; Bastia et al., 2010a,QGLFDWLRQVIRU
3OLRFHQH3OHLVWRFHQHXSOLIWRIERWKULGJHVDUHSUHVHQWDVIDXOWVUHDFKLQJLQWR3OHLVWRFHQHVHGL
PHQWVDQGE\DQLQFUHDVHGYDULDQFHLQVHGLPHQWDWLRQUDWHVDERYHYHUVXVEHWZHHQWKHULGJHV
LQ WKH 3OLR DQG 3OHLVWRFHQH Schwenk and 
Spieß, 2009 ,Q WKH PRGHUQ VLWXDWLRQ WKH
*DQJDDQG%UDKPDSXWUD5LYHUVDQGWKHLUGLV
WULEXWDULHV GUDLQ WKH QRUWKHUQ DQG VRXWKHUQ
IODQNRIWKH+LPDOD\DDQGWUDQVSRUWWKHHURGHG
PDWHULDOWRWKHGHOWD)URPWKHUHWKHVHGLPHQW
UHDFKHVWKH6ZDWFKRI1R*URXQG6R1*D
FDQ\RQGHHSO\LQFLVHGLQWRWKHVKHOIFigs. 1.9 
and 1.10 Kuehl et al., 1989; Kottke et al., 
2003; Michels et al., 2003 )URP WKH 6R1*
VHGLPHQW LV HSLVRGLFDOO\ UHOHDVHG WR WKH IDQ
6HGLPHQW SURYHQDQFH SUR[\ DQDO\VHV RI
'6'36LWHUHYHDODPDMRUFRQWULEXWLRQRI
VHGLPHQWV IURP WKH QRUWKHUQPRXQWDLQ UDQJH
DUHDVLQFHa0DGaly et al., 20107KLVLP
SOLHV WKHH[LVWHQFHRIDFRQQHFWLRQVLPLODU WR
WRGD\ EHWZHHQ WKH 7LEHWDQ 3ODWHDX DQG WKH
%HQJDO )DQ IRU DW OHDVW WKH ODVW a 0D
France-Lanord et al., 1993;Galy et al., 2010
Figure 1.10: Overview map of the Bengal Fan (outline indicated by blue line). The Bengal Fan is
under-lain by the 85°E ridge and Ninetyeast Ridge (vertically striped features). The surface chan-
nels (solid black and red lines, W1-W6, AC (Active Channel), and E1-E7) highlight the characteristic 
tributary pattern of the Bengal Fan. Green stippled lines: Subdivision of the fan into upper, middle
and lower fan based on the fan slope. SoNG=Swatch of No Ground. Fan outlines, surface chan-
nels, fan subdivision, and tectonic features redrawn after Curray et al., 2003, Bastia et al., 2010a,
b; Choudhuri et al., 2014; McNeill et al., 2017a. 
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7KHUHFHQWIDQVXUIDFHLVJHQWO\LQFOLQHGVRXWKZDUGVDQGGLVVHFWHGE\VHYHUDOVXUIDFHFKDQQHOV
Fig. 1.10%DVHGRQGRZQIDQFKDQJHVLQJUDGLHQWWKHIDQLVVHSDUDWHGLQWRWKUHHLQGLYLGXDO
IDQVHJPHQWV7KHXSSHUIDQZLWKDQDYHUDJHVORSHRIWKHPLGGOHIDQZLWKDQDYHUDJH
VORSHDQJOHRIaDQGWKHORZHUIDQZLWKDQDYHUDJHVORSHDQJOHRIFig. 1.9Curray 
et al., 2003/LNHWKH$PD]RQRUWKH&RQJR)DQWKH%HQJDO)DQLVFODVVLILHGDVDPXGULFK
IDQZKLFKSHUGHILQLWLRQFRQWDLQOHVVWKDQVDQGRichards et al., 1998

1.3.1 Formation of the Bengal Fan 
7KHIRUPDWLRQRIWKH%HQJDO)DQFRPPHQFHGLQWKHLQWKH(DUO\(RFHQHDVDGLUHFWUHVSRQVH
RIWKHFROOLVLRQRIWKH,QGLDQ3ODWHZLWKWKH(XUDVLDQFRQWLQHQWCurray et al., 20037KH,QGLDQ
SODWHVHSDUDWHGIURP*RQGZDQDLQWKH/RZHU&UHWDFHRXVDQGEHJDQWRPRYHQRUWKZDUGVGo-
pala Rao et al., 1997; Chatterjee et al., 2013; Gibbons et al., 2015$URXQGa0DWKH
QRUWKHUQ ULPRI WKH ,QGLDQ3ODWHEHJDQ WRFROOLGHZLWK WKH(XUDVLDQFRQWLQHQW+RZHYHU WKH
H[DFWWLPLQJDQGQDWXUHHJPXOWLVWDJHRURQHVWDJHFROOLVLRQRIWKHFROOLVLRQDQGWKHHPHU
JHQFHRI WKH+LPDOD\DDVDPRXQWDLQ UDQJHDUHVWLOO XQGHUGHEDWH HJAlam et al., 2003;
Aitchison et al., 2007; Dupont-Nivet et al., 2010; van Hinsbergen et al., 2012; Gibbons et al., 
2015; Hu et al., 2016Chatterjee et al. (2013)UHYLHZHGWKHHYROXWLRQRIWKH,QGLDQ3ODWHDQG
WKHFOLPDWLFHYROXWLRQRI,QGLDXVLQJDG\QDPLFFOLPDWHPRGHO)ROORZLQJWKHLUVXPPDU\WKH
,QGLDQ(XUDVLDQFROOLVLRQZDVLQLWLDWHGDURXQGa0DDJRZLWKWKHFROOLVLRQRIWKH,QGLDQSODWH
ZLWKWKH.RKLVWDQ/DGDN$UF./$DORQJWKH,QGXV6XWXUHFig. 1.117KH./$WRGD\ORFDWHG
LQWKH1DQJD3DUEDW6\QWD[LVRIWKH+LPDOD\DZDVVXEVHTXHQWO\DFFUHWHGWRWKH,QGLDQ3ODWH
%HWZHHQa0DWKH,QGLDQ3ODWHDFFHOHUDWHGXQWLOLWHYHQWXDOO\FROOLGHGZLWK$VLDDWa
0DFig. 1.11$VDFRQVHTXHQFHWKH7HWK\V2FHDQZDVFORVHGDQGWKHXSOLIWRI+LPDOD\D
DQG7LEHWDQ3ODWHDXZDVLQLWLDWHGChatterjee et al., 2013


Figure 1.11: Paleogeographic reconstruction presented by Chatterjee et al., 2013 illustrating the 
plate tectonic situation at ~65 Ma after the collision of the Indian Plate with the Kohistan-Ladakh 
arc in the Late Cretaceous (~80 Ma) (left) and the initial collision of India and Asia in the Early 
Eocene (~50 Ma). Modified after Chatterjee et al., 2013. 
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$PRUHUHFHQWVWXG\Gibbons et al., 2015GHVLJQHGDUHJLRQDOSODWHWHFWRQLFPRGHOLQFRUSR
UDWLQJJHRORJLFDODQGJHRSK\VLFDOGDWDVHWVIURPQXPHURXVUHJLRQVDQGVWXGLHV7KH\SURSRVH
WKDW WKHFROOLVLRQEHWZHHQ ,QGLDDQG WKH./$ZDVGLIIXVHDQGRFFXUUHGEHWZHHQ0D
6XEVHTXHQWO\VHDIORRUVSUHDGLQJVORZHGGRZQVLJQLILFDQWO\DWa0D)LQDOO\WKHFROOLVLRQ
EHWZHHQWKH,QGLDQDQGWKH(XUDVLDQSODWHRFFXUUHGLQWZRVWDJHVWKHLQLWLDOVRIWFRQWLQHQW
FRQWLQHQWFROOLVLRQRFFXUUHGa0DDJRDQGZDVIROORZHGE\WKHFRPSOHWHKDUGFRQWLQHQW
FRQWLQHQWFROOLVLRQDWa0DGibbons et al., 20155HJDUGOHVVRIWKHFRQWURYHUV\RQWKH
H[DFWWLPLQJRIFROOLVLRQHYHQWVWKHXSOLIWRIWKH+LPDOD\DQ0RXQWDLQUDQJHDQGWKH7LEHWDQ
3ODWHDX LQLWLDWHGE\ WKHFRQWLQHQWFRQWLQHQWFROOLVLRQPDUNVDGUDVWLFFKDQJH LQ WKH UHJLRQDO
WRSRJUDSK\7KHXSOLIWRIWKH+LPDOD\D7LEHWDQ3ODWHDXLVVXVSHFWHGWRKDYHDVWURQJOLQNWR
WKHIRUPDWLRQDQGHYROXWLRQRIWKH$VLDQ0RQVRRQHYHQWKRXJKXQWLOQRZWKLVOLQNFDQQRWEH
GLUHFWO\SURYHQZhisheng et al., 2001;Clift et al., 2008; Molnar et al., 2010; van Hinsbergen et 
al., 2012; Chatterjee et al., 2013; Tada et al., 2016

1.3.2 Sedimentation history of the Bengal Fan  
6HGLPHQWDWLRQLQWKH%D\RI%HQJDOZDVLQLWLDWHGLQWKH0LGGOHWR/DWH(RFHQHDIWHUWKHFROOLVLRQ
RI,QGLDZLWK$VLDDQGWKHIRUPDWLRQRIWKH%D\RI%HQJDOCurray et al., 20037KHSRVWFROOLVLRQ
VHGLPHQWDU\VHTXHQFHRIWKH%HQJDO)DQUHDFKHVWKLFNQHVVHVRIXSWRNPZLWKPD[LPXP
GHSRVLWLRQQHDUWKHFRQWLQHQWDOVKHOIFig. 1.9Curray, 1994Curray et al., 20032YHUWLPH
WKHIDQJUDGXDOO\SURJUDGHGVRXWKZDUGVWKHUHE\JHQHUDWLQJDEDVHKLDWXVRILQFUHDVLQJGXUD
WLRQGRZQIDQ2OLJRFHQHWR0LRFHQHCurry, 1994; Curray et al., 20036HGLPHQWVGHSRVLWHG
IURPIDQRQVHWXQWLOWKH/DWH0LRFHQHFRQVLVWRISUHGRPLQDQWO\VKHHWHGWXUELGLWHVZKLOHVLQFH
WKH/DWH0LRFHQHWKHVKHHWHGWXUELGLWHVDUHIUHTXHQWO\LQWHUFDODWHGZLWKFKDQQHOOHYHHV\VWHPV
&/6VCurray et al., 2003; Schwenk and Spieß, 2009, Krishna et al., 2016Fig. 1.127KH
RQVHWRIFKDQQHOOHYHHIRUPDWLRQRFFXUUHGQHDUO\V\QFKURQRXVO\DORQJODUJHSDUWVRIWKHIDQ
DQGKDVEHHQDVVRFLDWHGZLWKDGHFUHDVHLQJUDLQVL]HREVHUYHGLQWKHGLVWDOIDQ2'3/HJ
VLWHVZKLFKLQWXUQVHHPVWREHFRQQHFWHGWRDQLQFUHDVHLQ+LPDOD\DQZHDWKHULQJDWa
0DCochran, 1990, Stow et al., 1990; Derry and France-Lanord, 1996; Schwenk and Spieß, 
20097KLVWLPHLVDOVRPDUNHGE\WKHH[SDQVLRQRI&SODQWVLQWKH+LPDOD\DQEDVLQDQGKDV
EHHQVXVSHFWHGWRPDUNDWLPHRIPDMRUUHDGMXVWPHQWVRIWKH$VLDQPRQVRRQV\VWHPFrance-
Lanord and Derry, 1994; Zhisheng et al., 20017KHPDMRULW\RIWKHFKDQQHOOHYHHV\VWHPVDUH
ILOOHGDQGEXULHGH[FHSWIRUWKHPRVWUHFHQWRQHVWKDWDUHVWLOOYLVLEOHDVEDWK\PHWULFIHDWXUHVDW
WKHVHDIORRUFig. 1.10 and 1.12Curray et al., 2003; Schenk and Spieß, 20097KHVHVXUIDFH
FKDQQHOV GHFUHDVH LQ QXPEHU GRZQIDQ GXH WR WKH UHRFFXSDWLRQ RI ROG FKDQQHO SDWKZD\V
WKHUHE\FUHDWLQJ WKH WULEXWDU\FKDQQHOSDWWHUQ WKDW LVFKDUDFWHULVWLF IRU WKH%HQJDO)DQ Fig. 
1.10Emmel and Curray, 1983; Curray et al., 20037KHIUHTXHQWDYXOVLRQDQGODWHUDOPLJUD
WLRQRI&/6VDVGRFXPHQWHGE\VHLVPLFLQYHVWLJDWLRQVRIWKHVXEVXUIDFH
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Figure 1.12: Interpreted line drawing of multichannel seismic Profile GeoB97-020+27 (Schwenk 
and Spieß, 2009) crossing all seven IODP Expedition 354 drill sites (indicated in red). Gray: Chan-
nel-levee systems. Age assignments from Schwenk and Spieß, 2009, based on DSDP Site 218. 
Modified after Schwenk and Spieß, 2009. 
 
HJSchwenk et al., 2005; Schwenk and Spieß, 2009UHVXOWVLQWKHIRUPDWLRQRIDFRPSOH[
GHSRVLWLRQDOV\VWHPFKDUDFWHUL]HGE\KLJKO\GLVFRQWLQXRXVDFFXPXODWLRQDWDJLYHQ ORFDWLRQ
Fig. 1.120RUHRYHUGHSRVLWLRQPLJUDWHVRQWKHVFDOHRIVXEIDQVUHVWULFWHGDUHDVRIWKHIDQ
UHFHLYLQJWXUELGLWLFVHGLPHQWVZKLOHWKHDGMDFHQWDUHDLVFXWRIIIURPIDQVHGLPHQWDWLRQCurray 
et al., 2003:LWKLQWKH3OHLVWRFHQHVHGLPHQWVRIWKHXSSHU%HQJDO)DQCurray et al., 2003
GLVFHUQHG WKH IRXUVXEIDQV$%&DQG'VHSDUDWHGE\GLVWLQFWXQFRQIRUPLWLHV Fig. 1.13
)ROORZLQJCurry et al., 2003WKHVHVXEIDQVZHUHDFWLYHIURP0D$0D
%0D&DQG0DWRSUHVHQW'


Figure 1.13: The concept of subfan formation on the upper Bengal Fan in the Quaternary introduced 
by Curray et al., 2003. The migration from one subfan to another represents major depocenter 
migration. Maps are based on a net of seismoacoustic data. Modified after Curray et al., 2003. 
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+RZHYHUPRUHUHFHQWVHLVPLFLQYHVWLJDWLRQVFRUUHFWHGWKHRQVHWRIWKHPRVWUHFHQW6XEIDQ'
WR0DWeber et al., 2003; Schwenk and Spieß, 20096XEIDQORFDWLRQPLJUDWHVODWHUDOO\
IURPZHVW WRHDVW WKXVFRYHULQJGLIIHUHQWDUHDVRI WKH%HQJDO)DQFig. 1.13Curray et al., 
2003VXJJHVWWKDWVXEIDQORFDWLRQLVVWURQJO\FRQWUROOHGE\WKHSRVLWLRQRIWKHVXSSO\LQJFDQ\RQ
V\VWHP7KHLUGDWDIXUWKHUVXJJHVWWKDWWKHVXEIDQV$%DQG&ZHUHVXSSOLHGE\PRUHWKDQ
RQHVKHOIFDQ\RQHLWKHUVLPXOWDQHRXVO\RUVXFFHVVLYHO\Fig. 1.13DQGWKDWWKH6R1*KDV
EHHQRQHRIWKHVHVHGLPHQWVXSSO\LQJFDQ\RQVDWOHDVWVLQFHWKHDFWLYH3KDVHRI6XEIDQ&

7KHVHGLPHQWDU\VHFWLRQRIWKH%HQJDO)DQGLVSOD\VVHYHUDOUHJLRQDOXQFRQIRUPLWLHVLGHQWLILHG
LQVHLVPLFGDWDCochran, 1990; Krishna et al., 2001b; Schwenk and Spieß, 2009,QWKHFHQ
WUDO,QGLDQ2FHDQDQXQFRQIRUPLW\RI0LRFHQHDJHLVZHOOYLVLEO\(Cochran, 1990; Krishna et 
al., 2001aZKLOHWZRXQFRQIRUPLWLHVRIHDUOLHVW3OLRFHQHDQG/DWH3OHLVWRFHQHDJHZHUHDOVR
GHWHFWHG LQ WKH QRUWKHUQ ,QGLDQ2FHDQ Krishna et al., 2001b; Schwenk and Spieß, 2009
7KHVHXQFRQIRUPLWLHVKDYHEHHQLQWHUSUHWHGDVUHVXOWVRILQWUDSODWHIROGLQJHYHQWVDQGSRWHQ
WLDOO\OLQNHGWROLWKRORJLFDOFKDQJHVREVHUYHGDW2'3/HJ6LWHVCochran, 1990; Stow et 
al., 1990+RZHYHUWKLVLQWHUSUHWDWLRQKDVWREHUHYLVHGJLYHQWKHUHFHQWGHYHORSPHQWVRQWKH
%HQJDO)DQVHGLPHQWDWLRQKLVWRU\&KDSWHUFrance-Lanord et al., 2016

7KH%HQJDO)DQGLIIHUVVLJQLILFDQWO\ IURPRWKHU ODUJHVXEPDULQH IDQVVXFKDV WKH$PD]RQ
,QGXVRU0LVVLVVLSSL)DQDVLWUHPDLQHGDFWLYHDOVRGXULQJWKH+RORFHQHKLJKVWDQGGHVSLWH
WKHGLVFRQQHFWLRQRIULYHUDQGIDQHübscher et al., 1997; Weber et al., 1997, 2003; Goodbred 
and Kuehl, 2000; Curray et al., 2003; Hein et al., 20177KLVFRQVWDQWVXSSO\KDVEHHQSUH
VHUYHGGXHWRVHGLPHQWE\SDVVLQJDORQJWKHVKHOILQWRWKHVKHOIFDQ\RQ6R1*Kuehl et al., 
1989; Michels et al., 2003, Palamenghi et al., 2011$IWHUEHLQJ WUDSSHG WHPSRUDULO\ LQ WKH
6R1*VHGLPHQW LVUHOHDVHGHSLVRGLFDOO\WRZDUGVWKHIDQYLDWXUELGLW\FXUUHQWVKuehl et al., 
1998; Michels et al., 1998;Rogers et al., 2015
7KHFXUUHQWDYHUDJHVXVSHQVLRQORDGFDUULHGE\WKH*DQJHVDQG%UDKPDSXWUDLVHVWLPDWHGWR
a*WD Bangladesh Water Development Board, 1972; Delft Hydraulics and Danish Hy-
draulics Institute, 1996; Milliman and Farnsworth, 2011ZKLOHWKHRYHUDOOVHGLPHQWIOX[RIERWK
ULYHUV LQWHJUDWHGRYHUVHYHUDOKXQGUHGWRWKRXVDQGVRI\HDUVUDQJHVEHWZHHQ*WD
Lupker et al., 2012, 20176LQFHWKH0LGGOH+RORFHQHDERXWRIWKHVHGLPHQWORDGWUDQV
SRUWHGE\WKHVXSSO\LQJULYHUV*DQJHVDQG%UDKPDSXWUDLVGHSRVLWHGLQWKHIORRGSODLQVDQG
WKHVXEDTXHRXVGHOWDZKLOHWKHUHPDLQLQJLVIXUWKHUWUDQVIHUUHGWRWKHVKHOI6R1*DQGWKH
%HQJDO)DQGoodbred and Kuehl, 19996HGLPHQWGLVWULEXWLRQUHPDLQVYHU\VLPLODULQUHFHQW
WLPHVZLWKaRIWKHVHGLPHQWORDGVHTXHVWHUHGLQIORRGSODLQDQGVKHOIDQGaUHDFKLQJ
6R1*DQGIDQKuehl et al., 1997; Goodbred and Kuehl, 1998; Michels et al., 1998$KLJK
UHVROXWLRQVWXG\RIWKHVXEDTXHRXVGHOWDUHYHDOHGDGHFUHDVHLQPHDQDQQXDOVWRUDJHUDWHVLQ
WKHIRUHVHWLQWKHODVWa\HDUVIURPaWRRIWKHSUHVHQWWRWDOVXVSHQVLRQORDG
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VXSSO\WRWKHGHOWDa*WDPalamenghi et al., 2011+RORFHQHVHGLPHQWGLVSHUVDODORQJWKH
%HQJDO)DQLVUHDOL]HGYLDWKH$FWLYH&KDQQHO$&Fig. 1.10Hübscher et al., 1997; Weber 
et al., 1997, 2003; Hein et al., 20177KH$&H[WHQGVIURPWKHVKHOIPRUHWKDQNPVRXWK
ZDUGV WR WKHHTXDWRU Fig. 1.10DQGKDVH[SHULHQFHGDFWLYHRYHUVSLOOLQJDW1DW OHDVW
VLQFHN\UV%3XQWLO\UV%3Hein et al., 2017

1.3.3 Recent developments 
,QWKHODVWWKUHH\HDUVWKH,QGXV)DQWKH%HQJDO)DQDQGWKH1LFREDU)DQKDYHEHHQUHYLVLWHG
E\IRXU,QWHUQDWLRQDO2FHDQ'LVFRYHU\3URJUDP,23'([SHGLWLRQV,2'3,QGLDQ0RQ
VRRQ5DLQIDOO,2'3%HQJDO)DQ,2'3$UDELDQ6HD0RQVRRQ,2'36XPDWUD
6XEGXFWLRQ =RQHClemens et al., 2016; France-Lanord et al., 2016; Pandey et al., 2016; 
McNeill et al., 2017bFigs. 1.3 and 1.92IVSHFLDOLQWHUHVWIRUWKLVVWXG\LV,2'3([SHGLWLRQ
µNeogene and late Paleogene record of Himalayan orogeny and climate: A transect across 
the Middle Bengal Fan¶ZKLFKWRRNSODFHLQ)HEUXDU\0DUFK'XULQJWKH([SHGLWLRQVHYHQ
VLWHVDORQJDNPORQJ:(WUDQVHFWRQWKH ORZHU%HQJDO)DQ1ZHUHGULOOHG7KUHH
GHHSSHQHWUDWLQJPEVI888DQGVKDOORZVLWHVPEVI
8888ZHUHFRPSOHWHGLQRUGHUWRDGGUHVVWKHPDMRUUHVHDUFKTXHV
WLRQVRILWKHHPHUJHQFHRIWKH+LPDOD\DDQGWKHRQVHWRIIDQGHSRVLWLRQLLWKHIDQHYROXWLRQ
LQ 0LRFHQH DQG 3OLRFHQH WLPHV DQG WKH PRQVRRQDO LPSDFW RQ VHGLPHQW VXSSO\ DQG IOX[
WKURXJKRXW WKLV WLPH LLL WKH UROHRI WKH+LPDOD\D%HQJDO)DQVRXUFHWRVLQNV\VWHP LQ WKH
JOREDOFDUERQF\FOHDQGFOLPDWHDQGLYWKHVSDWLDOGHSRFHQWHUYDULDELOLW\DQGLWVFRQWURORQWKH
IDQDUFKLWHFWXUHFrance-Lanord et al., 2001; 20167KHH[SHGLWLRQFKRVHWRGULOODORQJD:(
WUDQVHFW LQRUGHU WR RYHUFRPH WKH LVVXHRI ODWHUDOPLJUDWLQJGHSRVLWLRQ LQGXFHGE\ FKDQQHO
DYXOVLRQDQGVXEIDQPLJUDWLRQ&RULQJORFDWLRQVZHUHSODFHGDORQJWKHPXOWLFKDQQHOVHLVPLF
3URILOH*HR%Fig. 1.12 Schwenk and Spieß, 20097KHGULOOLQJUHFRYHUHGSUH
GRPLQDQWO\ WHUUHVWULDOVHGLPHQWVFRPSRVHGRIFOD\VLOWDQGVDQGGHSRVLWHGZLWKLQFKDQQHO
OHYHHV\VWHPVDQGXQFRQILQHGWXUELGLWHVFig. 1.147KHWHUUHVWULDOVHGLPHQWVDUHLQWHUPLWWHQWO\
LQWHUFDODWHG E\PRUH QDQQRIRVVLO ULFK VHGLPHQWVZKLFKZHUH GHVFULEHG DV FDOFDUHRXV FOD\
Fig. 1.14DQGPRVWOLNHO\KDYHDKHPLSHODJLFRULJLQFrance-Lanord et al., 2016(VSHFLDOO\
UHPDUNDEOHZDVWKHUHFRYHU\RIWZRWKLFNFDOFDUHRXVFOD\OD\HUVRQHDWWKHYHU\WRSRIVLWHV
8DQG8DQGRQH LQDGHSWKRIaPEVI UHFRYHUHGDWDOO VHYHQVLWHV
Fig. 1.14ERWKPRVWOLNHO\RIKHPLSHODJLFRULJLQ%DVHGRQWKHLGHQWLILFDWLRQRIVHYHUDOVWUDWL
JUDSKLFPDUNHUV7RED7HSKUDPDJQHWLFUHYHUVDOVWKHVHWZROD\HUVZHUHWHQWDWLYHO\GDWHGWR
WKH /DWH 3OHLVWRFHQH /DWH 3OHLVWRFHQH+HPLSHODJLF /D\HU /3+/ DQG0LGGOH 3OHLVWRFHQH
0LGGOH3OHLVWRFHQH+HPLSHODJLF/D\HU03+/DJHFig. 1.140RUHGHWDLOHGVWXGLHVRQERWK
OD\HUVKDYHSURYLGHGIXUWKHULQVLJKWLQWRWKHLUQDWXUHDQGWLPLQJWeber et al., 2018; Weber and 
Reilly, 2018
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
Figure 1.14: Lithostratigraphic summary of IODP Expedition 354 (the upper 250 m) showing lithol-
ogies that constitute >10% of the core (modified after France-Lanord et al., 2016). YYT=Youngest 
Toba Tephra, age after Gasparotto et al., 2000. E. Hux FO= First Occurrence Emiliania huxleyi. 
Ages of E. Hux FO and Brunhes-Matuyama boundary after Gradstein et al., 2012. Gray shaded 
areas highlight the two long-lasting hemipelagic sequences. Upper: Late Pleistocene Hemipelagic 
Layer (250 ka till recent; Weber et al., 2018). Lower: Middle Pleistocene Hemipelagic Layer (1.24-
0.68; Weber and Reilly, 2018). 

7KH03+/VHHPVWRKDYHKDGLWVRQVHWDWa0DDQGLWVGHSRVLWLRQFHDVHGURXJKO\DWa
0DWeber and Reilly, 2018+RZHYHUWKHXSSHUPRVWERXQGDU\RIWKH03+/DSSHDUVWREH
DV\QFKURQRXV%DVHGRQSK\VLFDOSURSHUWLHVWKH0LGGOH3OHLVWRFHQHOD\HUKDVEHHQVHSDUDWHG
LQWRDPRUHRU OHVVSXUHKHPLSHODJLFSDUW ODVWLQJIURPa0,6WKURXJK0,6DQGDPL[HG
KHPLSHODJLFWXUELGLWLFSDUWODVWLQJIURPa0,60,6Weber and Reilly, 2018$PXOWLSUR[\
VWXG\XVLQJPDJQHWLFDQGSK\VLFDOSURSHUWLHVVWDEOHLVRWRSHVJHRFKHPLVWU\DQGJUDLQVL]HV
GDWHVWKH/3+/WRa0DXQWLOSUHVHQWZLWKDQDYHUDJHVHGLPHQWDWLRQUDWHRIFPND
Weber et al., 2018, Weber and Reilly, 20187KH03+/LVORFDWHGLQWKHVDPHGHSWKLQZKLFK
Schwenk and Spieß, 2009LGHQWLILHGDQGWUDFHGDQXQFRQIRUPLW\RI3OHLVWRFHQHDJH&KDSWHU
Figs. 1.12 and 1.147KHFRUUHODWLRQRIWKH03+/ZLWKDQXQFRQIRUPLW\LQWKHVHLVPLF
GDWDVKRZVWKDWWKHXQFRQIRUPLW\LVUHODWHGWRWKHVKLIWIURPKHPLSHODJLFWRWXUELGLWLFGHSRVLWLRQ
DQGQRWWRLQWUDSODWHIROGLQJ&KDSWHUFrance-Lanord et al., 2016'HWULWDO]LUFRQ83E
SURYHQDQFHUHFRUGVVDPSOHGDORQJWKH,2'3([SHGLWLRQGULOOLQJWUDQVHFWFRQILUPWKDWVHG
LPHQWVIURP1UHSUHVHQW+LPDOD\DQVRXUFHVBlum et al., 20180RUHRYHUSDUWRIWKH]LUFRQ
UHFRUGUHSUHVHQWVWKHXQPL[HG*DQJHVDQG%UDKPDSXWUDHQGPHPEHUVLQGLFDWLQJWKHWHPSR
UDU\VSOLWRIWKH*DQJHVDQG%UDKPDSXWUDULYHUVDQGWKHVHSDUDWHGGHOLYHU\RIPDWHULDOWRWKH
IDQDORQJWZRSDWKZD\VBlum et al., 2018
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1.4 Thesis Outline and declaration of co-author contributions 
7KLV FXPXODWLYH WKHVLV FRPSULVHV DQ LQWURGXFWRU\ FKDSWHU &KDSWHU  DPHWKRGV FKDSWHU
&KDSWHUDQGWKUHHMRLQWDXWKRUVKLSPDQXVFULSWVWKDWZLOOEHVXEPLWWHGWRSHHUUHYLHZHGLQ
WHUQDWLRQDOMRXUQDOV&KDSWHUSURYLGHVDJHQHUDOLQWURGXFWLRQWRWKHVFLHQWLILFEDFNJURXQGDQG
UHVHDUFKTXHVWLRQRI WKLV WKHVLVDQGVXPPDUL]HV WKHJHRORJLFDOEDFNJURXQGRI WKHZRUNLQJ
DUHD&KDSWHUVXPPDUL]HGWKHPHWKRGVRIVLQJOHDQGPXOWLFKDQQHOVHLVPLFGDWDDFTXLVLWLRQ
DQGSURFHVVLQJDSSOLHGGXULQJWKLVVWXG\7KHFKDSWHUVWRFRQVLVWRIWKUHHMRLQWDXWKRUVKLS
VWDQGDORQHPDQXVFULSWVZKLFKDUHRXWOLQHGEHORZ7KH\ZHUHGHYHORSHGLQFORVHFRRSHUDWLRQ
ZLWKWKHFRDXWKRUV,QIRUPDWLRQRQWKHLQGLYLGXDOFRQWULEXWLRQRIHDFKFRDXWKRULVDVZHOORXW
OLQHGEHORZ,Q&KDSWHUWKHRXWFRPHRIWKHWKUHHPDLQFKDSWHUVLVVXPPDUL]HGLQDQRYHU
DUFKLQJFRQFOXVLRQ)LQDOO\ LQ WKHDSSHQGL[DQDGGLWLRQDO MRLQWDXWKRUVKLSPDQXVFULSW PDLQ
DXWKRU%5HLOO\LVSURYLGHGSUHVHQWLQJDQLQQRYDWLYHDJHGHSWKPRGHOLQJIRUWKH,2'3([SH
GLWLRQGULOOVLWHV7KLVDJHGHSWKPRGHOLQFRUSRUDWHVWKHUHODWLYHVHLVPLFVWUDWLJUDSK\DQG
FKDQQHOOHYHHVWDFNLQJSDWWHUSUHVHQWHGLQ&KDSWHU0RUHRYHULWLQWURGXFHVWKUHHDGGLWLRQDO
VWUDWLJUDSKLFPDUNHUVLGHQWLILHGDQGGHILQHGEDVHGRQWKHVHLVPLFDQDO\VLVFRQGXFWHGLQWKH
VFRSHRIWKLVWKHVLV

&KDSWHU

Sinuosity-controlled deposition along a channel-levee system at the lower Bengal Fan 
 
$XWKRUV)HQQD%HUJPDQQ7LOPDQQ6FKZHQN9RONKDUG6SLHVV+HQGULN/DQW]VFK3HWUD'HNHQV
9DOLHU*DO\DQG&KULVWLDQ)UDQFH/DQRUG
7REHVXEPLWWHGWRMarine and Petroleum Geology 
 
7KLVFKDSWHUIRFXVVHVRQDQLQWHJUDWHGVWXG\RIKLJKUHVROXWLRQVHGLPHQWHFKRVRXQGHU3DUD
VRXQGSURILOHVPXOWLFKDQQHOVHLVPLFGDWDDQG,2'3([SHGLWLRQGULOOLQJUHVXOWV7KHVWXG\
LQYHVWLJDWHVWKHDFWLYHFKDQQHOOHYHHV\VWHPDWWKHORZHU%HQJDO)DQ1ZLWKDIRFXVRQ
WKHDVVHVVPHQWRIVSDWLDODQGWHPSRUDOFKDQJHVLQGHSRVLWLRQDORQJWKHFKDQQHODQGWKHUHOD
WLRQVKLSEHWZHHQFKDQQHOVLQXRVLW\DQGRYHUVSLOOGHSRVLWLRQRQDVXEOHYHHVFDOH7KHHFKR
VRXQGHUPXOWLFKDQQHOVHLVPLF0&6*HR%DQGVZDWKEDWK\PHWU\GDWDXVHGLQWKLVVWXG\
ZHUHDFTXLUHGGXULQJWKHWZR596RQQHUHVHDUFKFUXLVHV62LQDQG62LQ
&RDXWKRU96SLHVVZDVUHVSRQVLEOHIRUWKHDFRXVWLFGDWDDFTXLVLWLRQGXULQJ62DQGFKLHI
VFLHQWLVWGXULQJ620&6SURILOHV*HR%DQG*HR%ZHUHSURFHVVHGE\
FRDXWKRU76FKZHQNDQGWZRPDVWHUVWXGHQWV)*HUQKDUGWDQG0+|KQH7KHEDWK\PHWU\
GDWDZHUHSUHSURFHVVHGE\76FKZHQNLQDQGUHYLVHGE\PDVWHUVWXGHQW):DUQNHLQ
+/DQW]VFKSURYLGHGWKHFRUHGHVFULSWLRQRI,2'36LWH8DQGWKHFRUUHVSRQGLQJ
SDUDJUDSKLQWKHPHWKRGVFKDSWHU3'HNHQVDQG9*DO\SURYLGHGUDGLRFDUERQDJHVDQGWKH
FRUUHVSRQGLQJSDUDJUDSKLQWKHPHWKRGVFKDSWHU
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,FRQILUPWKDW,SURFHVVHGDOOXWLOL]HGHFKRVRXQGHUGDWDDQG0&63URILOH*HR%FDUULHG
RXWWKHLQWHUSUHWDWLRQRIDOOXWLOL]HGGDWDFUHDWHGDOOILJXUHVWDEOHVDQGZURWHH[FHSWIURPWZR
VKRUWSDUDJUDSKVRIWKHPHWKRGVFKDSWHUVHHDERYHDOOVHFWLRQVRIWKHPDQXVFULSW7KHGH
YHORSPHQWRIWKHVFLHQWLILFFRQFHSWEHQHILWHGJUHDWO\IURPUHJXODUGLVFXVVLRQVZLWK76FKZHQN
96SLHVV+/DQW]VFKDQG&)UDQFH/DQRUG'UDIW9HUVLRQVZHUHUHYLHZHGE\76FKZHQN
+/DQW]VFKDQG&)UDQFH/DQRUGPersonal contribution: 85%)

&KDSWHU

Middle to Late Pleistocene architecture and stratigraphy of the lower Bengal Fan – Inte-
grating multichannel seismic data and IODP Expedition 354 results 
 
$XWKRUV)HQQD%HUJPDQQ7LOPDQQ6FKZHQN9RONKDUG6SLHVVDQG&KULVWLDQ)UDQFH/DQRUG
7REHVXEPLWWHGWRBasin research 
 
7KLV FKDSWHU GLVFXVVHV WKH0LGGOH WR /DWH3OHLVWRFHQHDUFKLWHFWXUH DQG VWUDWLJUDSK\ RI WKH
ORZHU%HQJDO)DQDW1XWLOL]LQJDQLQWHJUDWHGGDWDVHWRIKLJKUHVROXWLRQPXOWLFKDQQHOVHLVPLF
GDWDDQG,2'3([SHGLWLRQGULOOLQJUHVXOWV,WDGGUHVVHVWKHUHODWLYHVWDFNLQJRIFKDQQHO
OHYHHV\VWHPVWKHRUJDQL]DWLRQRIGHSRVLWLRQLQORFDOO\UHVWULFWHGVXEIDQVDQGJLYHVQHZHYL
GHQFHIRUWKHNH\UROHRIVDQGGHSRVLWLRQWRWKHIDQDUFKLWHFWXUH
7KH0&6*HR%*HR%DQGWKHVZDWKEDWK\PHWU\GDWDVHWZDVDFTXLUHGGXULQJWKHWZR
UHVHDUFKFUXLVHV596RQQH62LQDQG62LQ%RWKFUXLVHVZHUHFDUULHGRXW
LQFRRSHUDWLRQRIWKH8QLYHUVLW\RI%UHPHQDQGWKH%*5+DQQRYHUXQGHU96SLHVVDVFKLHI
VFLHQWLVW7KHVHLVPLFGDWDVHW*HR%H[FHSWIRU3URILOH*HR%KDVEHHQSURFHVVHG
E\FRDXWKRU76FKZHQNZLWK WKHDVVLVWDQFHRI WZRPDVWHUVWXGHQWV )*HUQKDUGWDQG0
+|KQH7KHEDWK\PHWU\GDWDZDVDOVRSURYLGHGE\76FKZHQN,FRQILUPWKDW,SURFHVVHGDOO
0&6GDWDRIGDWDVHW*HR%DVZHOODV3URILOH*HR%FDUULHGRXWWKHLQWHUSUHWDWLRQRI
DOOXWLOL]HGGDWDGHYHORSHGWKHVFLHQWLILFFRQFHSWLQFORVHFRPPXQLFDWLRQZLWKP\FRDXWKRUV
FUHDWHGDOOILJXUHVWDEOHVDQGZURWHDOOVHFWLRQVRIWKHPDQXVFULSW'UDIWYHUVLRQVZHUHUHYLHZHG
E\76FKZHQNDQG&)UDQFH/DQRUGPersonal contribution: 90%)

&KDSWHU

Increased sediment flux to the lower Bengal Fan during the Middle Pleistocene – Internal 
and external controls

$XWKRUV )HQQD%HUJPDQQ%UHQGDQ5HLOO\ 7LOPDQQ6FKZHQN9RONKDUG6SLHVV DQG&KULVWLDQ
)UDQFH/DQRUG
7REHVXEPLWWHGWRBasin Research 

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7KLVFKDSWHUV\QWKHVL]HVWKHVHLVPLFVWUDWLJUDSK\GHYHORSHGLQ&KDSWHUZLWKDFRUHVHLVPLF
LQWHJUDWHGDJHPRGHOPDQXVFULSWSUHVHQWHGLQWKHDSSHQGL[,WGLVFXVVHVUHJLRQDOGHSRVLWLRQ
RIKHPLSHODJLFVHGLPHQWVLQWKHORZHU%HQJDO)DQWKHUHILQHPHQWRIWKH,2'3GULOOLQJWUDQVHFW
VWUDWLJUDSK\RQDNDWLPHVFDOHDQG0LGGOH3OHLVWRFHQHYDULDWLRQVLQVHGLPHQWDWLRQUDWHV
7KLVVWXG\IRFXVHVRQWKHPXOWLFKDQQHOVHLVPLF3URILOH*HR%ZKLFKKDVEHHQDF
TXLUHG GXULQJ596RQQH FUXLVH62DQG SURFHVVHGE\ FRDXWKRU 76FKZHQN$JHV IRU
FKDQQHOOHYHHV\VWHPVZKLFKDUH SUHVHQWHG LQ WKLV VWXG\ DVZHOO DVDJHV IRU WKUHHKHPL
SHODJLFOD\HUVZKLFKDUHDQLPSRUWDQWSDUWRIWKHVWXG\¶VVWUDWLJUDSK\ZHUHSURYLGHGE\FR
DXWKRU%5HLOO\,FRQILUPWKDW,LQWHUSUHWHGDOOXWLOL]HGGDWDGHYHORSHGWKHVFLHQWLILFFRQFHSWLQ
FORVHFRRSHUDWLRQZLWK%5HLOO\DQGGXULQJUHJXODUGLVFXVVLRQVZLWKWKHUHPDLQLQJFRDXWKRUV
FUHDWHGDOO ILJXUHVDQG WDEOHVDQGZURWHDOOVHFWLRQVRI WKHPDQXVFULSW'UDIWYHUVLRQVZHUH
UHYLHZHGE\76FKZHQNDQG%5HLOO\3ersonal contribution: 85%)


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Chapter 2 
2 Data and Methods 
7KHDFRXVWLFGDWDVHWXVHGLQWKLVVWXG\ZDVDFTXLUHGGXULQJWKHWKUHHUHVHDUFKFUXLVHV62
62DQG62FDUULHGRXWZLWKWKH596RQQHDVDFRRSHUDWLRQEHWZHHQWKH8QLYHUVLW\
%UHPHQDQGWKH%*5+DQQRYHULQDQGUHVSHFWLYHO\Kudrass et al., 1994; 
Spieß et al., 1998, 2006 7KH DFTXLUHG GDWDVHW FRPSULVHV KLJKUHVROXWLRQ VHGLPHQW
HFKRVRXQGLQJGDWD3DUDVRXQG6262VZDWKEDWK\PHWU\GDWD+\GURVZHHS62
62DQG6LPUDG(062DVZHOODVPXOWLFKDQQHOVHLVPLF0&6GDWD62DQG
62Fig. 2.10&6GDWDDFTXLVLWLRQZDVFRQGXFWHGZLWKGLIIHUHQWVHLVPLFVHWǦXSVE\XVLQJ
DPXOWLFKDQQHOVHLVPLFVWUHDPHUDQGGLIIHUHQWVL]HG*,JXQVUHVXOWLQJLQGDWDVHWVZLWKGLIIHULQJ
VXEERWWRPSHQHWUDWLRQUHVROXWLRQUDWLRVTbl. 2.1


Figure 2.1: Overview map of the working area on the lower Bengal Fan and the acquired sediment 
echosounder (Parasound), bathymetry, and multichannel seismic (MCS) datasets utilized in this 
study. A: Bengal Fan outline and surface channels (after Curray et al., 2003). Pink channel: Active 
Channel. Red square shows the location of B. B: Surface channels (after Curray et al., 2003), ba-
thymetry, and tracks of the processed and interpreted (profiles located in the focus area) acoustic 
data. Light blue: SO93 Parasound data; red: SO125 Parasound and MCS data; black: SO188 MCS.  

Data and Methods 

28 

7KHFRPELQDWLRQRIGHFLPHWHUVFDOHUHVROXWLRQVHGLPHQWHFKRVRXQGHUGDWDIRUVKDOORZVXE
VHDIORRULQYHVWLJDWLRQVDQG*,JXQGDWDIRUGHHSHUSHQHWUDWLRQDWPVFDOHUHVROXWLRQDOORZVD
GHWDLOHGVHLVPRǦVWUDWLJUDSKLFDQDO\VLV3URFHVVLQJZDVFDUULHGRXWIROORZLQJWKHVWDQGDUGSUR
FHVVLQJVWHSVDIWHUYilmaz, 2001XVLQJWKHFXVWRPPDGHVRIWZDUH:LQ*HR$SSH. Keil, Uni-
versity Bremen DQG WKH FRPPHUFLDO VHLVPLFSURFHVVLQJVRIWZDUH9LVWDSchlumberger
'DWDLQWHUSUHWDWLRQZDVGRQHZLWKDOOGDWDVHWLQWHJUDWHGLQWRWKH,+6.LQJGRPVRIWZDUH
SDFNDJH7KH.LQJGRPVRIWZDUHVXSSRUWVWKHLQWHJUDWLRQRIGULOOLQJDQGVHLVPLFGDWDVSDWLDO
PDSSLQJRIUHIOHFWRUVJULGGLQJRISUHGHILQHGKRUL]RQVDQGFDOFXODWLRQRIWKLFNQHVVPDSV'DWD
LQWHUSUHWDWLRQDQGDFRXVWLFXQLWGHILQLWLRQVZHUHFDUULHGRXWIROORZLQJWKHSULQFLSOHVRIVHLVPLF
VWUDWLJUDSK\SUHVHQWHGE\Mitchum et al., 1977.

Table 2.1: Summary of all seismic sources and their configuration processed and interpreted in this 
study.  
 6RXUFH9ROXPH
6RXUFHIUH
TXHQF\
UDQJH>+]@
1RRIUH
FRUGLQJ
FKDQQHOV
&KDQQHO
6SDFLQJ>P@
9HUWLFDO
5HVROXWLRQ
>P@
%LQ6L]H
>P@
62
DLUJXQ [O a   a 
62
ZDWHUJXQ O
a
a  
a
a 
62
DLUJXQ
O*HQHUDWRU
O,QMHFWRU a   a 
(FKR
VRXQGHU  a   a 
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2.1 Data Acquisition 
2.1.1 SO93 
7KHUHVHDUFKFUXLVH62 WRRNSODFH LQ-DQXDU\)HEUXDU\DQGKDVEHHQGLYLGHG LQWR
WKUHHLQGLYLGXDO/HJV'XULQJ/HJaNPRIKLJKUHVROXWLRQHFKRVRXQGLQJGDWDKDYHEHHQ
UHFRUGHGLQWKHORZHU%HQJDO)DQLQWKHUHJLRQRI1(Fig. 2.1Spieß et al., 
19983DUDVRXQGGDWDUHFRUGHGGXULQJWKLVFUXLVHSURYLGHGDKLJKUHVROXWLRQGDWDVHWRIWKH
$FWLYH&KDQQHOChapter 3

2.1.2 SO125 
'XULQJWKHUHVHDUFKFUXLVH62WDNLQJSODFHLQ2FWREHUDQG1RYHPEHU3DUDVRXQG
DQG0&6SURILOHV*HR%ZLWKDWRWDOOHQJWKRIaNPKDYHEHHQDFTXLUHGLQWKH
YLFLQLW\RI'6'36LWHVan der Borch et al., 1974 LQSUHSDUDWLRQIRUWKHUHFHQWO\GULOOHG
,2'3KROHV88RQ WKH ORZHU%HQJDO)DQ Fig. 2.1 France-Lanord et al., 2016
'XULQJWKHUHFRUGLQJRIWKHVHSURILOHVWZRVHLVPLFVRXUFHW\SHVZHUHGHSOR\HGDQGVKRWDOWHU
QDWLQJ$6HUFHO*HQHUDWRU,QMHFWRU*,$LUJXQZLWKDFKDPEHUYROXPHRI[ODQGWZR
VLPXOWDQHRXVO\WULJJHUHG6HUFHO6ZDWHUJXQVZLWKDFKDPEHUYROXPHRIO%RWKVRXUFHV
ZHUHRSHUDWHGZLWKDQDLU SUHVVXUHRIaEDUDQGD VKRW UDWH RI  V EHWZHHQ WKH WZR
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VRXUFHV'DWDZHUHUHFRUGHGZLWKDFKDQQHO6<17521VHLVPLFVWUHDPHUFRQVLVWLQJRID
WRZOHDGWZRPVWUHWFKVHFWLRQVDQGVL[DFWLYHVHFWLRQVHDFKPORQJDQGHDFKVXEGL
YLGHGLQWRK\GURSKRQHJURXSV(YHU\VHFRQGK\GURSKRQHJURXSZDVXVHGGXULQJUHFRUGLQJ
UHVXOWLQJ LQDFKDQQHOVSDFLQJRIP7KHGDWDZHUH UHFRUGHGZLWK WKH%,6216SHFWUD
UHFRUGLQJXQLW8QLYHUVLW\%UHPHQZLWKDLUJXQDQGZDWHUJXQGDWDVWRUHGLQDOWHUQDWLQJVHLVPR
JUDPV7KHUHFRUGLQJOHQJWKZDVVHWWRPVZLWKDUHFRUGLQJGHOD\DGMXVWHGDFFRUGLQJWR
WKHZDWHUGHSWKPRVWO\PV7KHVDPSOHUDWHZDVFRQVWDQWO\VHWWRPVDQGWKH
UDZVHLVPLFGDWDZHUHVWRUHGLQWKHVWDQGDUGIRUPDW6HJ<

2.1.3 SO188 
7KHUHVHDUFKFUXLVH62WRRNSODFHLQ-XQHDQG-XO\DQGDFTXLUHG0&6VZDWKED
WK\PHWU\DQGHFKRVRXQGHUGDWDEHWZHHQWKH%HQJDOVKHOIDQG1LQWKHORZHU%HQJDO)DQ
Spieß et al., 2006'DWDDFTXLVLWLRQRQWKHORZHU%HQJDO)DQFORVHWR1SURILOHV*HR%
ZDVGHGLFDWHGDVWKHSUHVLWHVXUYH\IRU,2'3([SHGLWLRQFrance-Lanord et al., 
2001, 2016Fig. 2.1'XULQJWKHUHFRUGLQJRIWKHSURILOHVSURFHVVHGLQWKHIUDPHZRUNRIWKLV
WKHVLV*HR%±Fig. 2.1WZRVHLVPLFVRXUFHVZHUHGHSOR\HG$6HUFHO*,$LUJXQ
ZLWKFKDPEHUYROXPHVRIO*HQHUDWRUDQGO,QMHFWRUDQGD6HUFHOZDWHUJXQZLWK
DFKDPEHUYROXPHRIO7KHWZRVRXUFHVZHUHWULJJHUHGZLWKDGHOD\RIVLQDWLPHLQWHUYDO
RIV7KH*,*XQZDVWRZHGDSSUR[LPDWHO\PEHKLQGWKHVKLSLQDZDWHUGHSWKRIa
P%RWKJXQVZHUHRSHUDWHGZLWKDQDLUSUHVVXUHRIaEDU)RUUHFRUGLQJDPXOWLFKDQQHO
VHLVPLFVWUHDPHU6<17521ZLWKDPORQJVWUHWFKVHFWLRQDQGDFWLYHVHFWLRQVRIP
OHQJWKHDFKZDVXVHG7KHDFWLYHVHFWLRQVZHUHVXEGLYLGHGLQWRVHYHUDOVXEJURXSVUHVXOWLQJ
LQFKDQQHOVZLWKDFKDQQHOVSDFLQJRIDSSUR[LPDWHO\P'DWDUHFRUGLQJZDVFRQGXFWHG
ZLWK WKHFXVWRPPDGHDFTXLVLWLRQV\VWHP0D0X&6Marine Multichannel SeismicsH. Keil, 
University Bremen7KHGDWDZHUHUHFRUGHGZLWKDVDPSOLQJUDWHRIPVDQGDUHFRUGLQJ
GHOD\RIV7KHVKRWVRIDLUJXQDQGZDWHUJXQZHUHUHFRUGHGLQWKHVDPHVHLVPRJUDP
5DZGDWDZHUHVWRUHGLQ6HJ<IRUPDW

2.2 Multichannel seismic data processing 
7KHRYHUDOODLPRIVHLVPLFGDWDSURFHVVLQJLVWRHQKDQFHWKHLPDJHTXDOLW\RIWKHJHRORJLFDO
VXEVXUIDFHVWUXFWXUHVLQRUGHUWRDOORZDUHOLDEOHGDWDLQWHUSUHWDWLRQ7RREWDLQDUHOLDEOHDQG
KLJKTXDOLW\LPDJHQRLVHKDVWREHUHPRYHGDQGVHLVPLFHYHQWVKDYHWREHPLJUDWHGWRWKHLU
WUXH VXEVXUIDFH SRVLWLRQ 0XOWLFKDQQHOVHLVPLF GDWD SURYLGH WKH DGYDQWDJH RI PXOWLSOH
FRYHUDJHVRIHYHU\SRLQWRQWKHVHDIORRU7KLVDOORZVWKHVRUWLQJRIDOOVHLVPLFWUDFHVUHSUH
VHQWLQJ WKHVDPHSRLQWRQ WKHVHDIORRU LQWR&RPPRQ0LGSRLQW &03JDWKHUV6XEVHTXHQW
VWDFNLQJRIDOO WUDFHVZLWKLQRQH&03JDWKHUVXSSUHVVHV UDQGRPQRLVHDQG WKHUHE\VLJQLIL
FDQWO\HQKDQFHV WKHVLJQDO WRQRLVH 61 UDWLR2WKHUSURFHVVLQJVWHSVDSSOLHG WR WKHGDWD
LQFOXGHJHRUHIHUHQFLQJLQWHUDFWLYHYHORFLW\DQDO\VLVQRUPDOPRYHRXW102FRUUHFWLRQSUH
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DQGSRVWVWDFNQRLVHVXSSUHVVLRQDQGWLPHPLJUDWLRQFig. 2.27KHVHTXHQFHRISURFHVVLQJ
VWHSVDSSOLHGDQGWKHERXQGDU\FRQGLWLRQVVHWGXULQJSURFHVVLQJZHUHDGMXVWHGDFFRUGLQJWR
WKHUHTXLUHPHQWVIRUHDFKGDWDVHWDQGHDFKSURILOH:LWKLQWKHVFRSHRIWKLVWKHVLVLQWRWDO
0&6*HR%DQG*HR%SURILOHVKDYHEHHQSURFHVVHG7KH0&6SURILOHV
*HR%DQGKDYHEHHQUHSURFHVVHG MXVWSULRU WR ,2'3([SHGLWLRQE\7
6FKZHQNDQGKDYHEHHQSURYLGHGLQWKHUHSURFHVVHGYHUVLRQIRUWKLVWKHVLV3URILOHV*HR%
KDYHEHHQSURFHVVHGEXWDIWHUDOOQRWEHHQLQFOXGHGLQWKLVWKHVLVDVWKH\OLHRXWRI
WKHIRFXVDUHD

Figure 2.2: Standard processing flow applied to the SO125 and SO188 MCS data. 

2.2.1 Pre-processing and geometry set-up 
7KHYHU\ILUVWSUHSURFHVVLQJVWHSDSSOLHGRQO\WR62GDWDZDVWKHVZLWFKLQJRIWKHWZR
PLGGOHFKDQQHOVRIHDFKK\GURSKRQHJURXSZKLFKZHUHLQFRUUHFWO\FRQQHFWHGGXULQJGDWDUH
FRUGLQJFig. 2.3,QDQH[WVWHSWKHWZRJXQVUHFRUGHGIRUHDFKSURILOHLQWKHVDPHUDZGDWD
ILOHKDGWREHVHSDUDWHG7KH62GDWDKDGWREHVSOLWKRUL]RQWDOO\ZDWHUJXQDQGDLUJXQ
GDWD LQDOWHUQDWLQJVHLVPRJUDPVZKLOHWKH62GDWDKDGWREHVSOLWYHUWLFDOO\ERWKJXQV
ZLWKDGHOD\RIVHFRQGVLQRQHVHLVPRJUDP$IWHUZDUGDEVROXWHVRXUFHDQGUHFHLYHUORFD
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WLRQVIRUHDFKVKRWZHUHGHWHUPLQHGXVLQJWULJJHUWLPHVWKHVKLS¶V*36SRVLWLRQDQGWKHUHOD
WLYHGLVWDQFHVEHWZHHQ*36DQGVRXUFHDQGUHFHLYHUJHRPHWU\VHWXS7KLVDOORZVWKHGDWD
VRUWLQJLQ&03JDWKHUDQGLQDODWHUSURFHVVLQJVWHSWKH&03VWDFNLQJWRHQKDQFHWKH61
UDWLR8QGHU WKHDVVXPSWLRQRID IODWVHDIORRU WRSRJUDSK\D&03JDWKHUFRPELQHVVRXUFH
UHFHLYHUSDLUVZLWKYDULDEOHRIIVHWVLPDJLQJWKHVDPHDUHDRQWKHVHDIORRUELQFig. 2.4%LQ
VL]HKDVWREHFKRVHQWRHQDEOHDKLJKODWHUDOUHVROXWLRQVPDOOELQVL]HZKLOHDOVRVXSSRUWD
VXIILFLHQW QRLVH VXSSUHVVLRQ ODUJH ELQ VL]H )RU WKH GDWD RI WKLV VWXG\ ELQ VL]HV RI P
62DQGP62KDYHEHHQFKRVHQ



 
 
Figure 2.3: Scheme after which the central 
two channels of each hydrophone group 
(SO188 data) were switched in order to main-
tain the correct channel order. 
 
Figure 2.4: Common Midpoint (CMP) binning: 
Shot-receiver pairs of various offsets sharing 
the same (common) midpoint in a pre-defined 
area on the seafloor (bin) are gathered for sub-
sequent velocity analysis, normal moveout cor-
rection and CMP stacking. 

2.2.2 Trace editing 
1RLV\DQGGHDGFKDQQHOVZHUHUHPRYHGIURPWKHGDWDVHWLQRUGHUWRLPSURYHWKH61UDWLR
DQG VWDFNLQJ TXDOLW\&KDQQHO TXDOLW\ YDULHG GXULQJ GDWD DFTXLVLWLRQ 7KHUHIRUH UHPRYDO RI
FKDQQHOVKDVEHHQDGMXVWHGGXULQJSURFHVVLQJIRUHDFKSURILOHDFFRUGLQJO\,QWKHVDPHSUR
FHVVLQJVWHSWKHGDWDZHUHGHELDVHGWRFHQWHUWKHDPSOLWXGHVRIHDFKWUDFHDW]HURDQGWKH
UHFRUGLQJGHOD\ZDVFRUUHFWHGWRVKLIWWKHGDWDLQWKHFRUUHFWZDWHUGHSWK0RUHRYHUDVSKHULFDO
GLYHUJHQFHFRUUHFWLRQKDVEHHQDSSOLHGWRFRUUHFWIRUWKHHIIHFWRIDPSOLWXGHORVVGXHWRWKH
VSKHULFDOVSUHDGLQJRIWKHVRXUFHVLJQDO)LQDOO\DOOGDWDZHUHUHVDPSOHGWRPVLQRUGHU
WRGHFUHDVHGDWDYROXPHDQGFDOFXODWLRQWLPHVRIVXEVHTXHQWSURFHVVLQJVWHSV

2.2.3 Velocity analysis and NMO correction 
7KHQRUPDOPRYHRXW102LVJHQHUDWHGE\WKHRIIVHWYDULDQFHVRXUFHUHFHLYHUGLVWDQFHRI
WKHWUDFHVDQGGHVFULEHVWKHWUDYHOWLPHGLIIHUHQFHEHWZHHQDVHLVPLFHYHQWDW]HURRIIVHWDQG
WKHRIIVHWRI WKH LQGLYLGXDO WUDFHVFig. 2.57KH102UHVXOWV LQK\SHUEROLFVKDSHGVHLVPLF
HYHQWVLQ&03JDWKHUVDQGKDVWREHFRUUHFWHGSULRUWR&03VWDFNLQJ7KHVKDSHRIWKHK\
SHUERODGHSHQGVRQWKHZDWHUGHSWKYHORFLW\DQGUHIOHFWRUJHRPHWU\)RUWKH102FRUUHFWLRQ
WKHVHLVPLFYHORFLW\ILHOGRIWKHVXEERWWRPKDVWREHNQRZQ$YHORFLW\ILHOGFDQEHGHWHUPLQHG
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YLDLQWHUDFWLYHYHORFLW\DQDO\VLVEDVHGRQWUDYHOWLPHVDQGVRXUFHUHFHLYHURIIVHWV)RUDUHOLDEOH
YHORFLW\DQDO\VLV ODUJHVRXUFHUHFHLYHURIIVHW DUH UHTXLUHG+HUH WKH YHORFLW\DQDO\VLVZDV
EHQHILFLDOWRWKHLPDJLQJTXDOLW\GXHWRWKHYHUWLFDOO\DQGKRUL]RQWDOO\KLJKO\YDULDEOHVXEERWWRP
SURSHUWLHVRIWKHVHLVPLFGDWDVHWFKDQQHOOHYHHV\VWHPVVDQGYVFOD\GHVSLWHWKHWHFKQL
FDOO\VKRUWRIIVHWVVWUHDPHUOHQJWKaPZDWHUGHSWK!P



Figure 2.5: Left: CMP gather prior to the normal moveout (NMO) correction. The hyperbolic ar-
rangement of the seismic events due to the with offset increasing travel time (ǻtNMO). Right: CMP 
gather after NMO correction.  

9LVWDSURYLGHVDWRROIRULQWHUDFWLYHYHORFLW\DQDO\VLVZKHUHWKHYHORFLW\PRGHOLVSLFNHGDW
VHOHFWHG&03FRQWUROSRLQWVDORQJWKHSURILOH7KHEDVLVIRUYHORFLW\SLFNLQJLVWKH102YHORF
LWLHVDORQJWKHK\SHUEROLFVHLVPLFHYHQWVWKHVWDFNLQJTXDOLW\SURGXFHGZLWKDFHUWDLQVHLVPLF
YHORFLW\DQGWKHVHPEODQFHRIVWDFNVSURGXFHGZLWKDFHUWDLQYHORFLW\
'HSHQGLQJRQSURILOHOHQJWKDQGVXEERWWRPSURSHUWLHVFRQWUROSRLQWVZHUHFKRVHQIRUHYHU\
SURILOHLQGLYLGXDOO\&RQWUROSRLQWVSDFLQJZDVLUUHJXODUZLWKGHQVHUSODFLQJLQDUHDVZLWKODWHUDO
YDULDWLRQV RI WKH VXEERWWRP SURSHUWLHV IRU LQVWDQFH LQ DUHDV ZLWK FKDQQHOOHYHH V\VWHPV
:KHUHSRVVLEOHFRQWUROSRLQWVZHUHSODFHGLQDUHDVZLWKPRUHRUOHVVKRUL]RQWDOUHIOHFWRUVLQ
RUGHUWRDYRLGIDOVHYHORFLWLHVFUHDWHGE\LQFOLQHGUHIOHFWRUV
,QWKHFDVHRIWKH62GDWDVHWVRPHSURILOHVVKRZHGXQH[SHFWHGKLJKYHORFLW\DWWKHVHD
IORRU UHIOHFWRU PV7KHGLVFUHSDQF\EHWZHHQ WKHVHKLJKYHORFLWLHVDQG WKHH[
SHFWHGaPVZDWHUYHORFLW\PD\EHFDXVHGE\DQLQFRUUHFWJHRPHWU\VHWXSRUGHOD\
FRUUHFWLRQ+RZHYHU WKHRFFXUUHQFHRI WKH WRRKLJK WUDYHOYHORFLWLHVZDVXQV\VWHPDWLFDQG
WKHLUH[DFW VRXUFHFRXOGQRWEHGHWHUPLQHG)RUSURFHVVLQJSXUSRVHV WKHDIIHFWHGSURILOHV
ZHUHPDQXDOO\VKLIWHGWRDZDWHUGHSWKUHVXOWLQJLQDVHDIORRUYHORFLW\VLPLODUWRWKHXQDIIHFWHG
SURILOHVaPV7KHQHFHVVDU\VKLIWYDULHGIURPSURILOHWRSURILOHDQGOD\EHWZHHQDQG
PV$IWHUWKHYHORFLW\DQDO\VLVDQG102FRUUHFWLRQGDWDZHUHVKLIWHGEDFNLQWRWKHLUDFWXDO
ZDWHUGHSWK

2.2.4 Pre-Stack noise attenuation 
9DULRXVQRLVHVVRXUFHVPD\DIIHFWVLJQDOTXDOLW\GXULQJGDWDDFTXLVLWLRQ&RPPRQVRXUFHVRI
QRLVHDUHSURGXFHGE\ WKH VKLSVHQJLQHDQGRUZDYHV ORZIUHTXHQF\QRLVHDQGHOHFWULFDO
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QRLVHFRKHUHQWQRLVHSHDNDW+]DQGLWVKDUPRQLFV7KHUHIRUHDOOGDWDZHUHILOWHUHGZLWK
DQ 2UPVE\EDQGSDVV ILOWHU 62 ILOWHU IODQNV  SUH102FRUUHFWLRQ
SRVW102FRUUHFWLRQ62ILOWHUIODQNVSUH102FRUUHFWLRQ
LQRUGHUWRVXSSUHVVORZDQGKLJKIUHTXHQF\QRLVH(VSHFLDOO\WKH62GDWDZHUHVWLOOQRLV\
DIWHUEDQGSDVV ILOWHULQJPRVWO\GXH WRDYHU\VWURQJ+]SHDNRYHUODSSLQJZLWK WKHPDLQ
IUHTXHQF\UDQJHRIWKHGDWD±+]7KXVDOOGDWDKDYHDGGLWLRQDOO\EHHQWUHDWHGE\
7+25QRLVHVXSSUHVVLRQ7+25LVDQRQOLQHDUSURFHVVXVLQJWKUHVKROGPHGLDQUHSODFHPHQW
LQWKHIUHTXHQF\GRPDLQButler, 2012 ,WUHTXLUHV102FRUUHFWHGLQSXWGDWDGHWHFWVQRLVH
EDVHGRQLWVLQFRKHUHQFHDQGFDQEHGHVLJQHGWRMXVWWUHDWQRLVHLQSUHGHILQHGIUHTXHQFLHV
)RUWKH62GDWD7+25KDVEHHQDSSOLHGRQFHRQWKHIUHTXHQF\UDQJHRI+]7KH
62KDYHEHHQWUHDWHGZLWK7+25WKULFHVXFFHVVLYHO\HDFKWLPHWUHDWLQJDGLIIHUHQWIUH
TXHQF\UDQJHILUVWUXQ±+]VHFRQGUXQ+] WKLUGUXQ+]7+25ZDV
HVSHFLDOO\HIILFLHQWLQUHPRYLQJWKHVWURQJ+]SHDNIURPWKH62GDWDZLWKRXWKDYLQJWR
EDQGSDVVILOWHUWKLVIUHTXHQF\UDQJHFig. 2.6
7KH102FRUUHFWHG62GDWDZHUHIXUWKHUPRUHFRUUHFWHGIRUUHVLGXDOVWDWLFVXVLQJWKH9LVWD
WRRO0&RUUHODQGIRUVSLNHQRLVHYLDGHVSLNLQJ7KHUHVLGXDOVWDWLFFRUUHFWLRQFRPSHQVDWHVIRU
YHUWLFDOPRYHPHQWRIVRXUFHDQGUHFHLYHUGXHWRZDYHVDQGWKHUHE\LPSURYHVVWDFNLQJTXDOLW\
'HVSLNLQJUHPRYHVVSLNHQRLVHVE\FRPSDULVRQRIDPSOLWXGHVDORQJDWUDFHZLWKLQDSUHGH
ILQHGWLPHZLQGRZZLWKWKHDPELHQWEDFNJURXQGDPSOLWXGHV

2.2.5 CMP-stacking and post-stack noise attenuation 
$IWHUSUHVWDFNQRLVHDWWHQXDWLRQGDWDZHUH&03VWDFNHGE\DYHUDJLQJDOOWUDFHVZLWKLQRQH
&03JDWKHUDQGWKHUHE\HQKDQFLQJWKHVLJQDOQRLVHUDWLR
7KH ''(&DOJRULWKPSURYLGHG E\9LVWD LV D WRRO WR UHPRYHZKLWH QRLVH IURPVWDFNHG
WUDFHV,WXVHVFURVVFRUUHODWLRQRIHQHUJ\SHDNVZLWKDGMDFHQWWUDFHVLQVPDOOSUHGHILQHGWLPH
DQGVSDFHZLQGRZV(QHUJ\SHDNVZKLFKGRQRWFRUUHVSRQGWRDFRQWLQXRXVUHIOHFWRULQWKH
QHLJKERULQJWUDFHVDUHUHPRYHG,QRUGHUWRDOORZIRUGLSSLQJUHIOHFWRUVWKHPD[LPXPH[SHFWHG
GLSFDQEHPDQXDOO\DGMXVWHG''(&JUHDWO\LPSURYHGWKHVLJQDOQRLVHUDWLRDQGLPDJHTXDO
LW\RIDOOGDWDDQGKDVEHHQDSSOLHGDVWKHODVWSURFHVVLQJVWHSEHIRUHWLPHPLJUDWLRQFig. 2.6

2.2.6 Time migration 
0LJUDWLRQLVDSURFHVVLQJVWHSDSSOLHGWRVHLVPLFGDWDLQRUGHUWRPRYHGLSSLQJUHIOHFWRUVLQWR
WKHLUWUXHVXEVXUIDFHSRVLWLRQ0RUHRYHUPLJUDWLRQUHPRYHVVRFDOOHGERZWLHVRULJLQDWLQJIURP
V\QFOLQHVDQGDQWLFOLQHVDQGLWFROODSVHVGLIIUDFWLRQK\SHUERODRULJLQDWLQJIURPSRLQWRUGLV
UXSWHGUHIOHFWRUVHJERXOGHUVRUIDXOWV$IWHUPLJUDWLRQWKHVWDFNHGVHFWLRQUHVHPEOHVWKH
DFWXDOJHRORJ\DQGDOORZVIRUDFFXUDWHLQWHUSUHWDWLRQ%HIRUHILQDOPLJUDWLRQHPSW\&03VZHUH
ILOOHGE\WUDFHSDGGLQJ$IWHUZDUGD)LQLWH'LIIHUHQFHV)'7LPH0LJUDWLRQZDVDSSOLHGXVLQJ
WKHYHORFLW\ILHOGGHWHUPLQHGGXULQJWKHLQWHUDFWLYHYHORFLW\DQDO\VLVFig. 2.67KH)'7LPH
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0LJUDWLRQLVUREXVWIRUODWHUDOYHORFLW\YDULDWLRQVDQGWKHUHIRUHZHOOVXLWHGIRUWKHGDWDLQWKLV
VWXG\FKDUDFWHUL]HGE\IUHTXHQWODWHUDOYDULDWLRQVLQOLWKRORJ\VDQGYVFOD\



Figure 2.6: CMP stack of Profile GeoB06-253 illustrating the effect of noise attenuation using the 
Vista2014 THOR and 4D-Dec modules and the effect of time migration. A: Ormsby bandpass fil-
tered CMP stack prior to THOR and 4D-Dec noise attenuation. B: CMP stack after applying the 
THOR noise suppression shows significantly enhanced S/N ratio and reflector coherency. C: CMP 
stack after applying 4D-Dec, further improvement of reflector coherency. D: Time-migrated CMP 
stack. Diffraction hyperbola and bow ties are removed and dipping reflectors are moved to their true 
subsurface position.  
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2.2.7 Reprocessing SO125 data 
0XOWLFKDQQHOVHLVPLFSURILOHV*HR%WRZHUHDOUHDG\SURFHVVHGDQGSXEOLVKHGLQ
WKH\HDUVDQGSchwenk, 2003 (dissertation); Schwenk and Spieß, 2009-XVWSULRU
WR,2'3([SHGLWLRQWKHGDWDKDYHEHHQUHYLVHGDQGUHSURFHVVHG1HZSURFHVVLQJWHFK
QLTXHVDQG WKHSURJUHVV LQVRIWZDUHGHYHORSPHQWVHQDEOHGDFRQVLGHUDEO\ LPSURYHGQRLVH
VXSSUHVVLRQDQGDOORZHGIRUDVPDOOHUELQQLQJPYVPWKHUHE\LQFUHDVLQJWKHKRUL]RQ
WDOUHVROXWLRQ0RUHRYHUWKHQHZSURFHVVLQJHQKDQFHGWKHUHIOHFWRUFRKHUHQFHFig. 2.7WKH
FRQWUDVWEHWZHHQ OHYHHVHGLPHQWVDQGQRQOHYHHVHGLPHQWVDQGVLJQLILFDQWO\ LPSURYHGWKH
LPDJLQJRIGHHSHUVWUXFWXUHVLQSDUWLFXODUWKH%HQJDO)DQEDVHUHIOHFWRUFig. 2.7, B and C




Figure 2.7: Comparison of processed SO125 used in this study (A and C) and processed So125 
published by Schwenk, 2003 and Schwenk and Spieß, 2009 (B and D). The use of a smaller bin 
size and more sophisticated noise suppression applied during the reprocessing of the data en-
hanced reflector coherency, vertical resolution and the imaging of deeper lying structure. Please 
note that A and B and C and D show the same close-up but that the offset is slightly different due 
to technical reasons.  
Data and Methods 

36 

2.2.8Watergun Processing 
7KHVHLVPLFVLJQDOHPLWWHGE\WKH6HUFHOZDWHUJXQOFKDPEHUYROXPHKDVDIUHTXHQF\
UDQJHRIa+]UHVXOWLQJLQDKLJKHUYHUWLFDOUHVROXWLRQWKDQWKH*,DLUJXQVHLVPLFGDWD
Tbl. 2.16LPXOWDQHRXVO\ WKH IUHTXHQF\ UDQJH FRYHUHGE\ WKHZDWHUJXQ VKRXOG SHQHWUDWH
GHHSHULQWRWKHVXEERWWRPWKDQWKHHFKRVRXQGHUGDWD7RWHVWWKHSRWHQWLDODGYDQWDJHVRIWKH
ZDWHUJXQVHLVPLFGDWD FRPSDUHG WR WKH*,DLUJXQDQGHFKRVRXQGHUGDWDZDWHUJXQSURILOH
*HR%KDVEHHQSURFHVVHG7KHSURFHVVLQJUHVXOWVKDYHVKRZQWKDWWKHZDWHUJXQGDWD
LQGHHGKDYHDKLJKHUUHVROXWLRQWKDQWKH*,DLUJXQGDWDLQWKHXSSHUPV7:7Fig. 
2.8, B and C+RZHYHU VLJQDODWWHQXDWLRQRI WKHKLJKIUHTXHQF\VLJQDO YHUWLFDO UHVROXWLRQ
aPLQWKHXSSHUaPV7:7LVVRVWURQJWKDWRQO\WKHORZIUHTXHQF\SDUWYHUWLFDOUHVROX
WLRQaPSHQHWUDWHVEHORZWKDW7KLVPHDQVWKDWWKHKLJKIUHTXHQF\SDUWLVRQO\SUHVHUYHG
LQDGHSWKUDQJHZKLFKLVDOVRFRYHUHGE\WKHYHU\KLJKUHVROXWLRQ3DUDVRXQGGDWDFig. 2.8, A 
and B$WWKHVDPHWLPHWKHZDWHUJXQGDWDDUHVWURQJO\GLVWXUEHGE\DSUHFXUVRUJHQHUDWHG
GXULQJVLJQDOHPLVVLRQFig. 2.8 B$GGLWLRQDOO\GXHWRLWVVKRUWZDYHOHQJWKWKHKLJKIUHTXHQF\
SDUWRIWKHVLJQDOLVYHU\SURQHWRVWUHDPHULQWHUQDOGHSWKYDULDWLRQVFUHDWHGE\ZDYHDFWLRQ
7KLVUHVXOWVLQYHUWLFDOVKLIWVRIWKHVHLVPLFVLJQDORIWHQH[FHHGLQJZDYHOHQJWKDQGWKHUHIRUH
EHLQJGLIILFXOWWRIXOO\FRUUHFW,QVXPPDU\WKHZDWHUJXQGDWDGLGQRWSURYHDGYDQWDJHRXVDQG
DVDFRQVHTXHQFHKDVQRWEHHQLQFOXGHGLQWKLVWKHVLV

2.3 Parasound Echosounder Data 
7KH596RQQHLVHTXLSSHGZLWKWKHKXOOPRXQWHGVHGLPHQWHFKRVRXQGHU3DUDVRXQGFDSDEOH
RIVHGLPHQWDQGZDWHUFROXPQLPDJLQJ7KH3DUDVRXQGPDNHVXVHRIWKHSDUDPHWULFHIIHFWE\
VLPXOWDQHRXVO\HPLWWLQJWZRKLJKHQHUJ\VLJQDOVRIVLPLODUIUHTXHQFLHVHJDQGN+]
%\QRQOLQHDUDFRXVWLFLQWHUDFWLRQLWJHQHUDWHVDVHFRQGDU\IUHTXHQF\GLIIHUHQFHIUHTXHQF\
HJN+]7KHVHFRQGDU\IUHTXHQF\LVUHVWULFWHGWRWKHWUDQVPLVVLRQEHDPRIWKHKLJKIUH
TXHQF\SULPDU\VLJQDOVOHDGLQJWRDYHU\QDUURZWUDQVPLVVLRQDQJOHDQGDIRRWSULQWRIRQO\
RIWKHZDWHUGHSWKGrant and Schreiber, 1990
3DUDVRXQGGDWDXVHGLQWKLVVWXG\ZHUHDFTXLUHGFRQILJXUHGWRDFKLHYHDVHFRQGDU\IUHTXHQF\
RIN+]WKHUHE\HQDEOLQJDVXEERWWRPVLJQDOSHQHWUDWLRQEHWZHHQPGHSHQGLQJRQ
WKHVHGLPHQWW\SHDQGDYHUWLFDOUHVROXWLRQRQDGHFLPHWHUVFDOH7KHGDWDZHUHGLJLWDOO\UHF
RUGHGZLWKWKHGDWDDFTXLVLWLRQV\VWHP3DUD',*0$Spieß, 1993
5DZGDWDZHUHFRQYHUWHGLQWR6HJ<IRUPDWXVLQJWKHFXVWRPPDGHVRIWZDUH366HJ<H., 
Keil, University Bremen$OO3DUDVRXQGSURILOHVZHUHDGGLWLRQDOO\EDQGSDVVILOWHUHGDQGFRQ
YHUWHGYLD+LOEHUWWUDQVIRUPDWLRQWRDQHQYHORSHWRHQKDQFHUHIOHFWRUFRKHUHQF\

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

Figure 2.8: Comparison of Parasound echosounder (a), watergun (B), and GI-airgun (C) data show-
ing that the high-frequency part of the watergun signal (vertical resolution ~2 m) covers the upper 
~100-120 ms TWT, the same depth range which is penetrated by the very-high-resolution Para-
sound data. Only the low-frequency watergun signal (vertical resolution ~5-7 m) penetrates deeper 
with a resolution likewise the GI-airgun data.  

2.4 Swath Bathymetry Data 
7KH+\GURVZHHSVZDWKEDWK\PHWU\VRXQGHUXVHGGXULQJ62DQG62LVDKXOOPRXQWHG
V\VWHPSHUPDQHQWO\ LQVWDOOHGRQ596RQQH7KH+\GURVZHHS LVDEHDPVZDWKVRXQGHU
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ZKLFKSURYLGHVDVZDWKZLGWKRIXSWRWZLFHWKHZDWHUGHSWK7KHVRQDUIUHTXHQF\RIWKH+\
GURVZHHSLVN+]DQGWKHDSHUWXUHDQJOHRIHYHU\EHDPLV
7KH6LPUDG(0ZDVXVHGIRUEDWK\PHWU\PDSSLQJGXULQJ627KHV\VWHPFRQVLVWVRI
WZROLQHDUWUDQVGXFHUDUUD\VLQD0LOOV&URVVFRQILJXUDWLRQZLWKVHSDUDWHXQLWVIRUWUDQVPLWWLQJ
DQGUHFHLYLQJ ,WZRUNVZLWKDVRQDU IUHTXHQF\RIN+]DQHPLVVLRQEHDPDQJOHRI
DFURVVWUDFNYHUVXVDORQJWUDFNDQGEHDPVSHUSLQJEHDPGLPHQVLRQE\
7KHDFKLHYDEOHVZDWKZLGWKRQDIODWERWWRPFDQEHXSWRWLPHVWKHZDWHUGHSWKGHSHQGHQW
RQWKHURXJKQHVVRIWKHVHDIORRU
0XOWLEHDPEDWK\PHWU\GDWDVKRZQLQWKLVVWXG\ZHUHSURYLGHGLQDSURFHVVHGYHUVLRQ3UR
FHVVLQJZDVFRQGXFWHGXVLQJWKHVRIWZDUHµ436)OHGHUPDXV¶DQGWKHRSHQVRXUFHVRIWZDUH
0%V\VWHPVCaress and Chayes, 2017

2.5 Integration of IODP 354 cores and seismic data 
6HYHQVLWHVDOLJQHGRQDZHVWHDVWWUDQVHFWZHUHGULOOHGGXULQJ,2'3([SHGLWLRQFig. 
1.14 and 2.1 and Tbl. 2.2$OOFRUHVDUHFURVVHGE\0&63URILOH*HR%%HFDXVH
QRFRQWLQXRXVGRZQKROHORJJLQJZDVFRQGXFWHGGXULQJ,2'3([SHGLWLRQWKHUHOHYDQWVHF
WLRQVRIWKHVHYHQFRUHVXSSHUPGRZQWRWKH0LGGOH3OHLVWRFHQH+HPLSHODJLF/D\HU
ZHUHLQWHJUDWHGLQWRWKHVHLVPLFGDWDXVLQJDFRQVWDQWYHORFLW\LQGLYLGXDOO\FKRVHQIRUHDFKVLWH
Tbl 2.27KHYHORFLWLHVZHUHEDVHGRQWKHEHVWDFKLHYDEOHILWEHWZHHQSURPLQHQWUHIOHFWRUV
DQGVLJQLILFDQWFKDQJHVLQFRUHOLWKRORJ\DQGSK\VLFDOSURSHUWLHVVXFKDVPDJQHWLFVXVFHSWLELO
LW\06DQGQDWXUDOJDPPDUDGLDWLRQ1*53URPLQHQWKHPLSHODJLFOD\HUVFDQZHOOEHGLVWLQ
JXLVKHG IURP WKHVXUURXQGLQJVHGLPHQWVGXH WR WKHLU ORZPDJQHWLF VXVFHSWLELOLW\ 06 ORZ
QDWXUDOJDPPD UDGLDWLRQ 1*5DQGDVWURQJ LPSHGDQFHFRQWUDVW0RUHRYHU WKHYHORFLWLHV
ZHUHFURVVFKHFNHGZLWKWKH3ZDYHYHORFLWLHVPHDVXUHGRQWKHFRUHVGLUHFWO\VKRZLQJDJRRG
DJUHHPHQWEHWZHHQWKHPHDVXUHGDYHUDJHYHORFLWLHVDQGWKHRQFHXVHGIRUFRUHVHLVPLFLQ
WHJUDWLRQ

Table 2.2: Site Summary of IODP Expedition 354 sites used in this study and the velocities used to 
integrate the cores with the multichannel-seismic data.  

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Chapter 3 
3 Sinuosity-controlled deposition along a channel-levee  sys-
tem at the lower Bengal Fan 

)HQQD%HUJPDQQ7LOPDQQ6FKZHQN9RONKDUG6SLHVV+HQGULN/DQW]VFK3HWUD'HNHQV
9DOLHU*DO\&KULVWLDQ)UDQFH/DQRUG

)DFXOW\RI*HRVFLHQFHV8QLYHUVLW\RI%UHPHQ.ODJHQIXUWHU6WUDVVH'%UHPHQ*HUPDQ\
'HSDUWPHQWRI(DUWK	&OLPDWH6FLHQFHV6DQ)UDQFLVFR6WDWH8QLYHUVLW\+ROORZD\$YHQXH6DQ
)UDQFLVFR&$86$
'HSDUWPHQWRI0DULQH&KHPLVWU\DQG*HRFKHPLVWU\:RRGV+ROH2FHDQRJUDSKLF,QVWLWXWLRQ:RRGV
+ROH5G:RRGV+ROH0$86$
&HQWUHGH5HFKHUFKHV3pWURJUDSKLTXHVHW*pRFKLPLTXHV&1568QLYHUVLWpGH/RUUDLQH%3
9DQGRHXYUHOHV1DQF\)UDQFH




Abstract 
&KDQQHOOHYHHV\VWHPVDUHRQHRIWKHPDLQFRQWUROOHUVRIVHGLPHQWGLVWULEXWLRQDQGGHSRVLWLRQ
LQVHGLPHQWDU\V\VWHPVZRUOGZLGH2QHRIWKHVHV\VWHPVLVWKH%HQJDO)DQWKHPRVWFRPSOHWH
UHFRUGRIWKHWHFWRQLFDQGFOLPDWLFKLVWRU\RIWKH+LPDOD\DQDUHD8QGHUVWDQGLQJWKHHYROXWLRQ
DQG WKHGHSRVLWLRQDOEHKDYLRURI WKHFKDQQHOOHYHHV\VWHPVGLVWULEXWLQJPDWHULDODORQJDQG
DFURVVWKH%HQJDO)DQLVDSUHUHTXLVLWHZKHQZRUNLQJZLWKWKLVVHGLPHQWDU\DUFKLYH
+HUHZHSUHVHQWUHVXOWV IURPDQLQWHJUDWHGVWXG\RIKLJKUHVROXWLRQVHGLPHQWHFKRVRXQGHU
3DUDVRXQGSURILOHVPXOWLFKDQQHOVHLVPLFGDWDDQG,2'3([SHGLWLRQGULOOLQJUHVXOWVLQ
YHVWLJDWLQJWKHDFWLYHFKDQQHOOHYHHV\VWHPDWWKHORZHU%HQJDO)DQ1:HIRFXVRQWKH
DVVHVVPHQWRIVSDWLDODQGWHPSRUDOFKDQJHVLQGHSRVLWLRQDORQJWKH$FWLYH&KDQQHODQGWKH
UHODWLRQVKLSEHWZHHQFKDQQHOVLQXRVLW\DQGRYHUVSLOOGHSRVLWLRQDOSDWWHUQVLQDQDWXUDOVHWWLQJ
)XUWKHUZHLQYHVWLJDWHPDVVDFFXPXODWLRQUDWHVDQGVHGLPHQWDU\IOX[HVWRWKH%HQJDO)DQ
8VLQJUDGLRFDUERQGDWLQJZHGHYHORSDQDJHPRGHOIRUWKH$FWLYH&KDQQHO7KHRQVHWRIRYHU
VSLOOGHSRVLWLRQDW1RFFXUUHGDURXQGaND%3$FWLYHRYHUVSLOO ODVWHGIRURQO\ND
LQWHUUXSWHG WZLFHE\ WLPHVRIKHPLSHODJLFGHSRVLWLRQDWaND%3DQGND%3±
UHFHQW2XU UHVXOWVVXJJHVW WKDWERWK WLPHVRI LQWHUUXSWLRQZHUH WULJJHUHGE\DGHFUHDVH LQ
WXUELGLW\FXUUHQWKHLJKWDQGWKDWQRJHQHUDO OLQNEHWZHHQKHPLSHODJLFGHSRVLWLRQDW1DQG
VHDOHYHOH[LVWV
6SDWLDOPDSSLQJRILQGLYLGXDOOHYHHXQLWVUHYHDOHGDVWURQJLQIOXHQFHRIFKDQQHOVLQXRVLW\RQ
WKHRYHUVSLOOLQJGHSRVLWLRQUHVXOWLQJLQDSDWFK\GHSRVLWLRQ7KLVKLJKOLJKWVWKDWRQVKRUWWHUPV
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VHGLPHQWDWLRQUDWHFDQQRWEHGLUHFWO\WUDQVIHUUHGWRIOX[0DVVDFFXPXODWLRQUDWHVGXULQJWKH
LQYHVWLJDWHGWLPHLQWHUYDOVKRZHYHUVWD\UHODWLYHO\FRQVWDQWGHVSLWHWKHORFDOO\XQHYHQGHSR
VLWLRQGHPRQVWUDWLQJDFRQVWDQWVHGLPHQWIOX[XQDIIHFWHGE\VHDOHYHOYDULDWLRQV2QORQJHU
WHUPVWKHSDWFK\GHSRVLWLRQLVHTXDOL]HGLQUHVSRQVHWRWKHG\QDPLFFKDQQHOJHRPHWU\7KXV
ZHVXJJHVWWRDYHUDJHVHGLPHQWDU\EXGJHWVRYHUWKHHQWLUHOLIHWLPHRIRQHFKDQQHOOHYHHV\V
WHPLQRUGHUWRPLQLPL]HVWDWLVWLFDOHUURUVJHQHUDWHGE\VKRUWWHUPIOXFWXDWLRQV





3.1 Introduction 
7KH+LPDOD\D0RXQWDLQV±%HQJDO)DQVRXUFHWRVLQNV\VWHPLVRQHRIWKHODUJHVWVHGLPHQWDU\
V\VWHPVLQWKHZRUOG7KHPDMRULW\RIVHGLPHQWHURGHGLQWKH+LPDOD\DQ0RXQWDLQVLVVWRUHG
LQWKH%HQJDO)DQWKHUHE\SURYLGLQJWKHPRVWFRPSOHWHVHGLPHQWDU\UHFRUGRIWKHHURVLRQDO
WHFWRQLFDQGFOLPDWHKLVWRU\RIWKHDUHDVLQFHIDQLQLWLDWLRQLQWKH(DUO\(RFHQHCurray et al., 
2003&KDQQHOOHYHHV\VWHPV&/6VDUHWKHPDLQFRQWUROOHURIVHGLPHQWGLVWULEXWLRQDQGGHS
RVLWLRQDORQJDQGDFURVV WKH%HQJDO)DQ Curray et al., 2003; Schwenk and Spieß, 2009
8QGHUVWDQGLQJWKHGHSRVLWLRQDOHURVLRQDOEHKDYLRUDQGHYROXWLRQRI&/6VLVDQHVVHQWLDOSUH
UHTXLVLWHWRXOWLPDWHO\GUDZLQIHUHQFHVIURPWKHVLQNKHUHWKH%HQJDO)DQWRFKDQJHVLQWKH
VRXUFHKHUHWKH+LPDOD\D7LEHWDQ3ODWHDX7KXVWKHHYROXWLRQRIWXUELGLW\FXUUHQWLQGXFHG
&/6VDQGWKHGHSRVLWLRQDOEHKDYLRUZLWKLQDFKDQQHODQGRQLWVOHYHHVKDVEHHQDORQJWHUP
UHVHDUFKVXEMHFW e.g. Komar, 1969; Imran et al., 1998; Peakall et al., 2000; Kneller 2003; 
Straub et al., 2008; Peakall and Sumner, 2015+RZHYHUPRVWUHFHQWVWXGLHVDUHSULPDULO\
EDVHGRQLQGLUHFWREVHUYDWLRQV1XPHULFDORUVDQGER[PRGHOVLOOXVWUDWHWKHJHQHUDOEHKDYLRU
RIRYHUVSLOOGHSRVLWLRQDQGJUDLQVL]HVRUWLQJLQVLQXRXVFKDQQHOOHYHHV\VWHPVe.g. Peakall et 
al., 2000; Straub et al., 2008, Huang et al., 2012XVLQJVLPSOLILHGERXQGDU\FRQGLWLRQVVXFK
DVDVWDWLFVLQXRVLW\GRZQVL]LQJRUQRQHURVLYHFKDQQHOV
,QWKLVVWXG\ZHLQYHVWLJDWHGHSRVLWLRQDOSURFHVVHVDORQJWKHPRVWUHFHQWDFWLYHFKDQQHORI
WKH%HQJDO)DQ$FWLYH&KDQQHO$&E\LQWHJUDWLRQRIKLJKUHVROXWLRQVHLVPRDFRXVWLFGDWDDQG
,2'3([SHGLWLRQGULOOLQJUHVXOWVIURP1Fig. 3.17KHGDWDVHWSURYLGHVWKHUDUHRSSRU
WXQLW\WRFRQGXFWDKLJKUHVROXWLRQVWXG\RQWKHGHSRVLWLRQDOEHKDYLRURIDPHDQGHULQJFKDQQHO
OHYHHV\VWHPLQDQDWXUDOVHWWLQJDQGSURYLGHVIXUWKHU LQVLGHV LQWRWKHHYROXWLRQRIFKDQQHO
OHYHHV\VWHPVDWWKH%HQJDO)DQLQSDUWLFXODURIWKH$FWLYH&KDQQHO
7KHVWXG\DLPVWRLQYHVWLJDWHWKHGHSRVLWLRQDOVW\OHDQGIDFLHVVXFFHVVLRQRIWKH$&DVZHOO
DVLWVHYROXWLRQLQVSDFHDQGWLPHWKHUHODWLRQVKLSEHWZHHQFKDQQHOVLQXRVLW\DQGRYHUVSLOO
GHSRVLWLRQDOSDWWHUQV LQDQDWXUDOVHWWLQJDQG PDVVDFFXPXODWLRQ UDWHVDQGYROXPHVRI
LQGLYLGXDOOHYHHXQLWVLQRUGHUWRSURYLGHFRQVWUDLQWVIRUWKHTXDQWLILFDWLRQRIVHGLPHQWDU\IOX[HV
RQWRWKH%HQJDO)DQ
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Figure 3.1: A: Overview map of the Bengal Fan (outline of the fan marked by a dashed line, after 
Curray et al., 2003); the pathway of the Active Channel (AC) is indicated in blue. IODP Expedition 
354 sites at 8°N are marked by yellow dots. B: Bathymetric map of the study area at 8°N (red square 
in A) illustrating the AC pathway, IODP 354 Sites U1454 and U1455 as well as the acoustic dataset 
used in this study. MCS: Multichannel seismic. 

3.1.1 Regional background - The Bengal Fan 
7KHVXEPDULQH%HQJDO)DQFRYHUVODUJHDUHDVRIWKH,QGLDQ2FHDQDQGLVERUGHUHGE\,QGLD
DQG6UL/DQNDLQWKH:HVW%DQJODGHVKDQG0\DQPDULQWKH1RUWKDQGWKH$QGDPDQ1LFREDU
ULGJHDQG6XPDWUDLQWKH(DVW,WH[WHQGVRYHUNPVRXWKZDUGVDQGUHFHLYHV+LPDOD\DQ
VHGLPHQWVVLQFHLWVLQLWLDWLRQLQWKH(DUO\(RFHQHCurray et al., 2003
6LQFHWKH/DWH0LRFHQHVHGLPHQWWUDQVSRUWDORQJWKHIDQKDVEHHQGRPLQDWHGE\&/6VLQLWL
DWHG DQG IXUWKHU VKDSHG E\ HSLVRGLFDOO\ RFFXUULQJ WXUELGLW\ FXUUHQWV Curray et al., 2003; 
Schwenk and Spieß, 2009)UHTXHQWFKDQQHODYXOVLRQVRQWKHXSSHUIDQKDYHUHVXOWHGLQWKH
DEDQGRQPHQWRIROGFKDQQHOVDQG WKH IRUPDWLRQRIQHZFKDQQHOǦOHYHHV\VWHPVRFFDVLRQDO
FKDQQHOUHRFFXSDWLRQVDQGWKHVXEVHTXHQWO\GHYHORSLQJWULEXWDU\FKDQQHOSDWWHUQCurray et 
al., 20037KLVKDVOHGWRWKHGHYHORSPHQWRIDFRPSOH[HURVLRQDOGHSRVLWLRQDOV\VWHPZLWK
ODWHUDO GHSRFHQWHUPLJUDWLRQ RYHU WKH HQWLUH IDQ Curray et al., 2003; Schwenk and Spieß, 
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20097RGD\WKH*DQJHVDQG%UDKPDSXWUDULYHUVDUHWKHPDLQVHGLPHQWVRXUFHIRUWKH%HQ
JDO6KHOIDQG)DQ0HUJLQJDQXPEHURIVPDOOHUWULEXWDULHVWKH\GUDLQWKHQRUWKHUQDVZHOODV
WKHVRXWKHUQIODQNRIWKH+LPDOD\DQUDQJH,QWKHFRXUVHRIWKH+RORFHQHVHDOHYHOULVHWKH
*DQJHV%UDKPDSXWUDGHOWDGHYHORSPHQWZDVLQLWLDWHGDWaNDWUDSSLQJODUJHDPRXQWVRIWKH
ULYHU GLVFKDUJH Goodbred and Kuehl, 2000a, b $OWKRXJK WKH GLUHFW FRQQHFWLRQ EHWZHHQ
ULYHUGHOWDDQGIDQLVLQWHUUXSWHGVLQFHNDDJRVHGLPHQWLVVWLOOWUDQVSRUWHGWRWKHIDQYLD
WKHGHHSLQFLVHGVKHOIFDQ\RQ6ZDWFKRI1R*URXQG6R1*DQGDORQJWKHIDQYLDWKH$FWLYH
&KDQQHO$&Fig. 3.1Kuehl et al., 1989;Curray et al., 2003; Kottke et al., 20037KHDFWLYLW\
RIWKH$&GXULQJWKH+RORFHQHKLJKVWDQGKDVEHHQUHSRUWHGE\VHYHUDOVWXGLHVZRUNLQJRQWKLV
V\VWHPDW1Hübscher et al., 1997; Weber et al., 1997, 2003; Hein et al., 2017-XVW
UHFHQWO\ WKH VWXG\ E\Hein et al., (2017) VKRZHG DFWLYH RYHUVSLOO GHSRVLWLRQ VLQFH DW OHDVW
N\UV%3ODVWLQJXQWLO\UV%3$GGLWLRQDOO\DVDPSOHRIZRRGGHEULVRIaNDLQDJH
IRXQGZLWKLQWKH$&DW1SURYHV+RORFHQHDFWLYLW\RIWKH$&HYHQVRXWKRIRXUVWXG\DUHD
Weber et al., 2003

3.1.2 Channel-Levee systems 
&KDQQHOOHYHHV\VWHPV&/6VDUHNQRZQDVPDMRUDUFKLWHFWXUDOHOHPHQWVZLWKLQWKH%HQJDO
)DQHübscher et al., 1997; Curray et al., 2003Schwenk et al., 2005; Schwenk and Spieß, 
2009DQGDOVRZLWKLQRWKHUVXEPDULQHIDQV\VWHPVVXFKDVWKH&RQJRRUWKH$PD]RQ)DQ
e.g. Lopez 2001; Pirmez and Imran, 2003; Jegou et al., 2008; Savoye et al., 2009; Babonneau 
et al., 2010; Picot et al., 20167KH\DUHLQLWLDWHGDQGIXUWKHUVKDSHGE\VHOIFKDQQHOL]LQJWXU
ELGLW\FXUUHQWVDQGVXEVHTXHQWO\DFWDVFRQGXLWVIRUIXUWKHUIORZHYHQWVImran et al., 1998
/HYHHV DUH ZHGJHVKDSHG VHGLPHQWDU\ GHSRVLWV IODQNLQJ VXEPDULQH FKDQQHOV Fig. 3.2
IRUPHGZKHUHYHUWKHKHLJKWRIWKHWXUELGLW\IORZH[FHHGVWKHFKDQQHOUHOLHIDQGJURZZLWKHYHU\
RYHUVSLOOLQJWXUELGLW\FXUUHQW7KH\DUHFKDUDFWHUL]HGE\DQXSZDUGILQLQJWUHQGRIJUDLQVL]HV
GXHWRDYHUWLFDOVHSDUDWLRQZLWKLQPL[ORDGHGWXUELGLW\FXUUHQWVPirmez and Imran, 2003$
GLVWLQFWLRQLVPDGHEHWZHHQWZRHQGPHPEHUPRGHVRIRYHUVSLOOLQJWKHFRQWLQXRXVRYHUVSLOO
DQGWKHRYHUVSLOOYLDIORZVWULSSLQJZKHQWKHIORZLVXQDEOHWRFRPSOHWHO\IROORZDFKDQQHOEHQG
DQGVSOLWVXSFig. 3.2Piper and Normark, 1983;Peakall et al., 2000
$WWKHGLVWDOHQGRIFKDQQHOVDVZHOODVEHORZWKHOHYHHVEDVHVWHUPLQDOOREHVDUHDFRPPRQ
IHDWXUHIRUPHGGXULQJWKHGRZQIDQSURJUDGDWLRQRIWKH&/6VPosamentier and Kolla, 2003; 
Picot et al., 2016; Savoye et al., 20097KHOREHVDUHFRPSRVHGRIFRDUVHVDQG\PDWHULDODQG
RIWHQFRQQHFWHGWRVPDOOGLVWULEXWDU\FKDQQHOVDFWLQJDVVHGLPHQWFRQGXLWPirmez et al., 1997;
Jegou et al., 2008; Savoye et al., 2009; Picot et al., 2016
7KHHYROXWLRQRIFKDQQHOOHYHHV\VWHPVDQGWKHLUGHSRVLWLRQDOEHKDYLRUKDYHEHHQDORQJWHUP
UHVHDUFKVXEMHFWRIRXWFURSDQG''VHLVPLFVXUYH\VWXGLHVHJPeakall et al., 2000, Han-
sen et al., 2015DVZHOODVSK\VLFDOHJPeakall et al., 2007; Straub et al., 2008, 2011; Kane 
et al., 2008, 2010; Ezz et al., 2013DQGQXPHULFDOPRGHOVe.g. Imran et al., 1998; Amos et al., 
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2010; Huang et al., 20126HYHUDOUHFHQWVWXGLHVIRFXVHGRQWKHLQIOXHQFHRIFKDQQHOVLQXRVLW\
RQGHSRVLWLRQDOPHFKDQLFVe.g. Straub et al., 2008, 2011RUWKHH[WHUQDOJHRPHWU\RIOHYHHV
e.g. Kane et al,. 2010; Huang et al., 2012Nakajima and Kneller, 2013SURYLQJWKDWGHSRVLWLRQ
RQOHYHHVLVVWURQJO\LQIOXHQFHGE\WKHVLQXRVLW\RIWKHDVVRFLDWHGFKDQQHO6DQGER[DQGQX
PHULFDOPRGHOVRI VLQXRXVFKDQQHO EHQGV UHYHDO D VWURQJFURVVFKDQQHO DV\PPHWU\RI WKH
OHYHHVDWEHQWFKDQQHOVHFWLRQVLQGXFHGE\IORZVWULSSLQJRIWKHWXUELGLW\FXUUHQWVPeakall et 
al., 2000, 2007; Straub et al., 2008; Kane et al., 2010; Huang et al., 2012)/HYHHVGHSRVLWHG
DWWKHRYHUEDQNDUHDRIWKHRXWHUVLGHRIDFKDQQHOEHQGFXWEDQNVLGHDUHWKLFNHUDQGRI
VOLJKWO\FRDUVHUJUDLQVL]HWKDQWKHOHYHHVGHSRVLWHGRQWKHLQQHUVLGHRIDFKDQQHOEHQGSRLQW
EDUVLGHStraub et al., 2008; Amos et al., 2010; Kane et al., 2010; Huang et al., 2012)XU
WKHUPRUHWKHUHVHHPVWREHDUHODWLRQEHWZHHQOHYHHVKDSHDQGFKDQQHOVLQXRVLW\2XWHUEHQG
OHYHHVVKRZDPRUHFRQFDYHXSZDUGVKDSHZKHUHDVLQQHUEHQGOHYHHVDUHVKDSHGFRQYH[
XSZDUGHuang et al., 20122QWKHFRQWUDU\GHSRVLWLRQRQWKHOHYHHVDORQJQHDUO\VWUDLJKW
FKDQQHOVHFWLRQVDQGDWPHDQGHULQIOHFWLRQSRLQWVLVQHDUO\V\PPHWULFDOStraub et al., 2008; 
Kane et al., 2010; Huang et al., 20127KHDPRXQWRIWRWDORYHUVSLOODQGWKHJUDLQVL]HLQFUHDVH
ZLWK LQFUHDVLQJVLQXRVLW\ Amos et al., 2010;Huang et al., 
2012$VLGHIURPPRGHOLQJVHYHUDOKLJKUHVROXWLRQVWXGLHV
VXFKDVWKHZRUNSUHVHQWHGE\Schwenk et al., 2003RUBa-
bonneau et al., 2010 LQYHVWLJDWHGWKHYDULDELOLW\RIDFWLYHO\
PHDQGHULQJFKDQQHOVDQGWKHIRUPDWLRQRILQWUDFKDQQHOGH
SRVLWVVXFKDVSRLQWEDUVRULQQHUOHYHHWHUUDFHV+RZHYHU
WRRXUNQRZOHGJH WKHUH LVQRVWXG\VR IDU WKDWVKRZVKRZ
GHSRVLWLRQRQOHYHHVLVLQIOXHQFHGE\DQDFWLYHO\PHDQGHULQJ
FKDQQHORQDVXEOHYHHVFDOH

Figure 3.2: Sketch of a channel-levee system (A) illustrating its 
general geometry and the two major modes of deposition: Con-
tinuous overspill (B) and overspill via flow stripping (C). Modified 
after Hansen et al., 2015. 

3.2 Material and Methods 
,QWKLVVWXG\ZHXVHDQLQWHJUDWHGGDWDVHWRIVHLVPRDFRXVWLFGDWDIURPWKHYLFLQLW\RIWKH$&
DW1DQGWKHUHVXOWVRI,2'36LWH8%GULOOHGGXULQJ,2'3([SHGLWLRQLQWRWKHZHVW
HUQOHYHHRIWKH$&Fig. 3.1

3.2.1 Seismoacoustic data - acquisition and processing 
7KHVHLVPRDFRXVWLFGDWDVHWLVFRPSLOHGRIVZDWKEDWK\PHWU\YHU\KLJKUHVROXWLRQSDUDPHWULF
VHGLPHQWHFKRVRXQGHU3DUDVRXQGDQGKLJKUHVROXWLRQPXOWLFKDQQHOVHLVPLF0&6GDWDDF
TXLUHGGXULQJWKHWZRUHVHDUFKFUXLVHV62LQDQG62LQERWKFDUULHGRXWLQ
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FRRSHUDWLRQRIWKH8QLYHUVLW\RI%UHPHQDQGWKH%*5+DQQRYHUFig. 3.17KHGDWDVHWFRQVLVW
RI WKUHH :( WUHQGLQJ FURVVVHFWLRQV WKURXJK WKH $& *HR% *HR% DQG
*HR%3DUDVRXQGDVZHOODV0&6GDWDRQHORQJFKDQQHOSDUDOOHO3DUDVRXQGSURILOH
DQG WZRDGGLWLRQDO16 WUHQGLQJSURILOHV 3DUDVRXQG0&6 FRQQHFWLQJ WKHVH WKUHHFURVV
VHFWLRQVDQGVHYHUDOVKRUWSURILOHVUHFRUGHGLQWKHVRXWKHUQSDUWRIWKHVWXG\DUHD3DUDVRXQG
Fig. 3.1,QWRWDOaNPRIYHU\KLJKUHVROXWLRQ3DUDVRXQGGDWDZHUHXWLOL]HGIRUWKLVVWXG\
'XULQJ UHFRUGLQJ WKHVHFRQGDU\ IUHTXHQF\ZDVVHW WRaN+] WRDFKLHYHDGHFLPHWHUVFDOH
YHUWLFDOUHVROXWLRQZKLOHLPDJLQJWKHXSSHU±PRIWKHVHGLPHQWFROXPQ$OO3DUDVRXQG
SURILOHVDUHEDQGSDVVILOWHUHGDQGFRQYHUWHGYLD+LOEHUWWUDQVIRUPDWLRQWRDQHQYHORSHWRHQ
KDQFH UHIOHFWRU FRKHUHQF\0&6GDWDZHUHDFTXLUHG RQO\GXULQJ62XVLQJD[ O
6HUFHO*,$LUJXQDVVRXUFHHPLWWLQJLQDIUHTXHQF\UDQJHRIa+]ZLWKDPDLQIUHTXHQF\
RIa+]UHVXOWLQJLQDYHUWLFDOUHVROXWLRQRIaPDQGDVXEVHDIORRUSHQHWUDWLRQRIaNP
$VUHFHLYHUDFKDQQHODQDORJVWUHDPHUZLWKDFKDQQHOVSDFLQJRIPZDVXVHG$OO0&6
GDWDXQGHUZHQWDIXOOPXOWLFKDQQHOVHLVPLFGDWDSURFHVVLQJLQFOXGLQJ&03%LQQLQJILOWHULQJ
VWDFNLQJDQGWLPHPLJUDWLRQ
3URFHVVLQJDQGLQWHUSUHWDWLRQRI3DUDVRXQGDQG0&6GDWDVHWVZDVFRQGXFWHGZLWKWKHVRIW
ZDUHµ9LVWD6HLVPLF'DWD3URFHVVLQJ¶DQGµ,+6.LQJGRP¶%DWK\PHWU\GDWDZHUHSUR
FHVVHGZLWKWKHVRIWZDUHµ436)OHGHUPDXV¶DQGWKHRSHQVRXUFHVRIWZDUH0%V\VWHPVCa-
ress and Chayes, 2017
&RQYHUVLRQV RI WZRZD\WUDYHOWLPH 7:7 WR GHSWK ZDV GRQH XVLQJ D FRQVWDQW YHORFLW\ RI
PV*ULGVZHUHFDOFXODWHGZLWKDIOH[JULGGLQJDOJRULWKPNPH[WUDSRODWLRQIURPFRQWURO
SRLQWVDQGDJULGFHOOVSDFLQJRIPFig. 3.6

3.2.2 Relative volume and flux calculations  
6HGLPHQWYROXPHVDQGIOX[HVZHUHFDOFXODWHGIRUWKHWKUHH3DUDVRXQGSURILOHV*HR%
*HR%DQG*HR%SURYLGLQJDIXOOFURVVVHFWLRQRIWKHOHYHHLQRUGHUWRLQYHVWLJDWH
WHPSRUDOYDULDWLRQV WKURXJKRXW WKH OHYHHHYROXWLRQ ,QD ILUVWVWHS WKH'FURVVVHFWLRQVRI
LQGLYLGXDOOHYHHXQLWVIRUHDFKRIWKHWKUHHSURILOHVZHUHGHWHUPLQHG,QDQH[WVWHSWKHVH'
FURVVVHFWLRQVZHUHH[WUDSRODWHGIRUDQDORQJFKDQQHOGLVWDQFHRINPVLQFHWKH16SURILOH
VKRZVQRVLJQLILFDQWFKDQJHVDORQJWKLVGLVWDQFH7KHUHVXOWLQJYROXPHVDUHQHFHVVDU\IRUWKH
FDOFXODWLRQRI VHGLPHQW IOX[HV6XEVHTXHQWO\ WKH FDOFXODWHGYROXPHVZHUH VXPPHGXS IRU
HDFKXQLWDQGDORQJHDFKSURILOH+HQFHYROXPHVOLVWHGLQTable 3.2LQWRWDOUHSUHVHQWDGLV
WDQFHRINPDORQJWKHFKDQQHO0DVVDFFXPXODWLRQUDWHV0$5ZHUHWKHQFDOFXODWHGEDVHG
RQHTXDWLRQZLWKVUHSUHVHQWLQJWKHYROXPHRIWKHFRUUHVSRQGLQJXQLWtWKHGXUDWLRQRILWV
GHSRVLWLRQ DQGDBD WKH GU\ EXON GHQVLW\PHDVXUHG GXULQJ ,2'3 ([SHGLWLRQ  France-
Lanord et al., 2016

 ܯܣܴ ൌ௏כ஽஻஽௧ 
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3.2.3 IODP Expedition 354 Site U1454 
,2'36LWH8LVORFDWHGDWƍ1ƍ(LQDZDWHUGHSWKRIDERXWP,WLV
WKHZHVWHUQPRVWVLWHGULOOHGGXULQJ,2'3([SHGLWLRQDQGVLWXDWHGPZHVWRIWKHWKDO
ZHJRIWKH$&Figs . 3.1 and 3.3+ROH8%ZDVGULOOHGGRZQWRDGHSWKRIPZLWK
DUHFRYHU\RIPRIVHGLPHQWLQFOXGLQJWKHVLOW\DQGFOD\H\OHYHHVHGLPHQWVRIWKHOHYHH
DQGDQXQGHUO\LQJVDQGULFKVHFWLRQFrance-Lanord et al., 20162QERDUGYLVXDOGHVFULSWLRQ
DQGVPHDUVOLGHVZHUHSHUIRUPHGIRUHDFKVHGLPHQWVHFWLRQ/LWKRORJLHVIRUVLOLFLFODVWLFFRP
SRQHQWVDUHEDVHGRQWKHUHODWLYHSURSRUWLRQVRIVDQGVLOWDQGFOD\VL]HGSDUWLFOHV7KHWHUP
FOD\LVXVHGWRGHVFULEHSDUWLFOHVPLQGLDPHWHU7KHWHUPFDOFDUHRXVFOD\LVXVHGIRUD
PL[WXUHRI FOD\SDUWLFOHVDQGRI FDOFDUHRXVFRPSRQHQWVDQG UHSUHVHQWVVHGLPHQWV
SUHGRPLQDQWO\GHSRVLWHGKHPLSHODJLFDOO\

3.2.4 Radiocarbon ages 
7KHUDGLRFDUERQDJHRISODQNWRQLFIRUDPLQLIHUDZDVPHDVXUHGDWWKH1DWLRQDO2FHDQ6FLHQFH
0DVV 6SHFWURPHWU\ )DFLOLW\ 126$06 :RRGV +ROH 86$ IROORZLQJ DFLG K\GURO\VLV ZLWK
+32FDWDO\WLFFRQYHUVLRQRIWKHHYROYHG&2WRJUDSKLWHDQG$06DQDO\VLV5DGLRFDUERQ
DJHVZHUHFRUUHFWHGIRUDFRQVWDQWVXUIDFHUHVHUYRLUDJHRI&\HDUVDQGFDOLEUDWHGXVLQJ
,QW&DO
7KH UDGLRFDUERQDJHRIZRRGGHEULVZDVPHDVXUHGDW126$06 IROORZLQJ$FLG%DVH$FLG
WUHDWPHQWFORVHGWXEHFRPEXVWLRQDQG$06DQDO\VLV5DGLRFDUERQDJHVZHUHFDOLEUDWHGXV
LQJ,QW&DO


3.3 Results 
3.3.1 Seafloor morphology 
7KHEDWK\PHWULFPDSRI WKHVWXG\DUHDFig. 3.1VKRZVDaNPORQJVHFWLRQRI WKH$&
EHWZHHQ1DQG1LQDZDWHUGHSWKRIP+HUH WKH$&UXQVVRXWKZDUGV
XQWLO ¶ 1 ZKHUH LW WXUQV WRZDUGV WKH VRXWKZHVW ,Q WKH VWXG\ DUHD WKH $& VKRZV 
PHDQGHUVZLWKDQDYHUDJHVLQXRVLW\RIaSHDNYDOXHVXSWR6HDIORRUDQGFKDQQHO
WKDOZHJDUHJHQWO\VORSLQJVRXWKZHVWZDUGVZLWKVORSHDQJOHVEHWZHHQDQG7KH
FKDQQHOUHOLHIOHYHHFUHVWWRUHFHQWWKDOZHJLQFUHDVHVIURPQRUWKWRVRXWKIURPPWR
P
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
Figure 3.3: Central part of Parasound Profiles GeoB97-020 (A), GeoB97-025 (B) and GeoB97-023 
(C) showing the Active Channel (AC) and corresponding levees as well as IODP Site U1454. For 
location see Fig. 3.1. Note that the profiles are strongly vertically exaggerated. 

3.3.2 Overall channel-levee architecture  
7KH ZHVWHDVW WUHQGLQJ  NP ORQJ 3DUDVRXQG 3URILOH *HR% Figs. 3.1 and 3.3
FURVVHV6LWH8DQGWKH$&URXJKO\RUWKRJRQDOO\WRDPHDQGHUEHQGDSH[+HUHWKHFKDQ
QHOLVPGHHSDQGDV\PPHWULFZLWKDVWHHSHUVORSHLQWKHZHVWDQGDSRLQWEDULQWKHHDVW
7KHFKDQQHOLVIODQNHGE\W\SLFDOZHGJHVKDSHGOHYHHVZLWKEDVHVPDUNHGE\DGLVWLQFWDFRXV
WLFUHIOHFWRUFig. 3.35
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$ QRUWKVRXWK FRPSDULVRQ RI WKH WKUHH3DUDVRXQG SURILOHV*HR%*HR% DQG
*HR%Fig. 3.3VKRZVDFKDQJHRIWKHLQWHUQDOOHYHHVWUXFWXUHVIURPZHOOOD\HUHGUH
IOHFWLRQVLQWKHQRUWKHUQDQGFHQWUDOFURVVVHFWLRQWRDPRUHLUUHJXODUSDWWHUQZLWKLQWHUQDOFKDQ
QHOVDQGDFRXVWLFDOO\WUDQVSDUHQWVHFWLRQVLQWKHVRXWKHUQFURVVVHFWLRQ



Figure 3.4: A: Integration of Parasound data and Site U1454 lithology with resulting levee units. B: 
MCS data illustrating internal channel architecture. For location see Fig. 3.1. Note that A and B 
show the same along-profile section but have different vertical exaggeration. 

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3.3.3 Levee units by Parasound– lithology integration 
6HYHQPDLQDFRXVWLFXQLWV/REH8QLW/87XUELGLWLF8QLWV78+HPLSHODJLF8QLWV+8
DQGZHUHGHWHUPLQHGE\LQWHJUDWLQJWKHVHLVPRVWUDWLJUDSKLFDQDO\VLVFig. 3.3DQGOLWKR
ORJLFDOSURSHUWLHVFig. 3.4 $VXPPDU\RIDOOXQLWVLVVKRZQLQTable 3.1

Table 3.1: Summary of levee units including their acoustic properties, external geometry, lithology, 
depositional process, and age ranges determined based on the age model presented in Fig. 3.7. 

8QLW $PSOLWXGHV
5HIOHFWRU
FRQILJXUD
WLRQ
0DLQ
/LWKRORJ\
7KLFNQHVV
DW6LWH
8%>P@
'HSRVLWLRQDO
3URFHVV
6HGLPHQWD
WLRQUDWH
>PND@
$JHUDQJH
>ND%3@
+8   <HOORZFDOFDUHRXVPXG  +HPLSHODJLF  UHFHQW
78 0RGHUDWH 3DUDOOHOGLYHUJHQW /LJKWJUD\PXG  2YHUVSLOO  
78 0RGHUDWHWRKLJK
3DUDOOHO
GLYHUJHQW
*UD\FOD\LQWHU
EHGGHGZLWK
JUD\VLOW
 2YHUVSLOOFUHYDVVHVSOD\  
+8  
1DQQRIRVVLO
ULFK
FDOFDUHRXVFOD\
 +HPLSHODJLF  
78 5HIOHFWLRQIUHH 
*UD\WRGDUN
JUD\FOD\YHU\
ILQHJUDLQHG
 2YHUVSLOO  
78 0RGHUDWH 'LYHUJHQW *UD\WRGDUNJUD\PXG  2YHUVSLOO  
/8 5HIOHFWLRQIUHH  6DQG 
8QFRQILQHG
WXUELGLWHV 
\RXQJHUWKDQ


Acoustic Unit LU 
7KH ORZHUPRVW8QLW/8 LVFKDUDFWHUL]HGE\DFRXVWLFDOO\ WUDQVSDUHQWSDWFKHVDQGSURORQJHG
UHIOHFWLRQVRIPRGHUDWHWRKLJKDPSOLWXGHERWKLQFRUSRUDWLQJIHZVPDOOFKDQQHOVFigs. 3.3 and 
3.47KHGLVFRUGDQWEDVHRI/85UHIOHFWVDVPRRWKVRXWKZDUGVLQFOLQHGVXUIDFHFig. 3.6A
LQFLVHGE\VHYHUDOVPDOOFKDQQHOVRIYDU\LQJGHSWKPFig. 3.37KHQXPEHURIFKDQQHOV
LVGHFUHDVLQJVRXWKZDUGVIURPDW*HR%WRQRQHDW*HR%/8KDVDGLVFRUG
DQWXSSHUERXQGDU\5WRWKHRYHUO\LQJXQLW/LWKRORJLFDOO\/8LVGHILQHGE\GDUNJUD\WRJUD\
VDQG Fig. 3.4 FRQWDLQLQJ VHYHUDO FHQWLPHWHUVL]HGZRRG IUDJPHQWV France-Lanord et al., 
20167KHODFNRILQWHUQDOVWUXFWXUHVDQGOD\HULQJLQWKHFRUHVFRXOGEHDUHVXOWRIKLJKGULOOLQJ
GLVWXUEDQFHFrance-Lanord et al., 2016DQGGRHVQRWQHFHVVDULO\UHIOHFWLQVLWXFRQGLWLRQV

Unit TU1 
78LVWKHORZHUPRVWOHYHHXQLWGLVFHUQLEOHE\LWVZHOOOD\HUHGORZWRPHGLXPDPSOLWXGHGLYHU
JHQWUHIOHFWLRQSDWWHUQGRZQODSSLQJRQWRLWVEDVH5Fig. 3.37KHXQLW LVHQFORVHGE\WKH
GLVFRUGDQWUHIOHFWLRQV5DQG57KHEDVHRI785LVVPRRWKDQGVRXWKZHVWZDUGVGLS
SLQJFig. 3.6B2YHUDOO78LVZHGJHVKDSHGEXWVKRZVYDULDEOHWKLFNQHVVHVLQERWKGLUHF
WLRQVDFURVVWKHFKDQQHODQGIURPQRUWKWRVRXWK,QWKHQRUWKHUQFURVVVHFWLRQ78LVFRQYH[
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XSZDUGVKDSHGZHVWRIWKHFKDQQHOZKLOHLWLVFRQFDYHXSZDUGHDVWRIWKHFKDQQHOFigs. 3.3 
and 3.6B,QWKHFHQWUDODQGVRXWKHUQSURILOHWKHH[WHUQDOJHRPHWU\RI78LVPRUHV\PPHWULF
ZLWKUHVSHFWWRWKHFKDQQHO7KHWKLFNQHVVRI78LQFUHDVHVVRXWKZDUGVZKHUHLWUHDFKHVD
PD[LPXPRIaPFig. 3.6B0RUHORFDOGHSRVLWLRQDOPD[LPDFDQEHREVHUYHGLQFKDQQHO
SUR[LPLW\7KHYROXPHRI78FDOFXODWHGIRUNPDORQJWKHFKDQQHOLVNPñTbl. 3.2
7KHOLWKRORJ\RI78LVGRPLQDWHGE\JUD\WRGDUNJUD\PXGWXUELGLWHVZLWKDEVHQWRUYHU\WKLQ
FPVLOWOD\HUVDWWKHEDVHFig. 3.4

Unit TU2 
7KHDFRXVWLFDOO\WUDQVSDUHQWXQLW78OLHVRQWRSRI78DQGLVGUDSLQJWKHXQGHUO\LQJWRSRJ
UDSK\ Fig. 3.3 ,W LV HQFORVHG E\ WKH UHIOHFWLRQV 5 ERWWRP DQG 5 WRS 78 H[WHQGV
WKURXJKRXWWKHHQWLUHVWXG\DUHD7KH7KLFNQHVVRI78LVaPSUR[LPDOWRWKHFKDQQHODQG
GHFUHDVHV VOLJKWO\ LQ PRUH GLVWDO SDUWV 78 FRQVLVW RI KRPRJHQRXV JUD\ FOD\ Fig. 3.4; 
Tbl. 3.1

Unit HU1 
8QLW+8LVGHILQHGEDVHGRQWKHYLVXDOFRUHGHVFULSWLRQDQGLVWRRWKLQWREHUHVROYHGLQWKH
3DUDVRXQGGDWD,WGLUHFWO\RYHUOLHV78Fig. 3.4; Tbl. 3.1LVaPWKLFNDQGFRQVLVWVRI
KRPRJHQRXVJUD\FOD\HQULFKHGLQQDQQRIRVVLOVDQGIRUDPLQLIHUD,QWKH3DUDVRXQGLPDJHV
UHIOHFWRU5WKHWRSRI78LVFRQVLGHUHGWRDOVRUHSUHVHQW+8



Figure 3.5: Parasound profile running parallel to the AC in the southern study area crossing an 
abandoned and filled channel segment. For location see Figure 3.1. 
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Figure 3.6: Thickness maps based on Parasound data showing (A) the entire levee, (B) the lower-
most turbiditic Unit TU1, (C) Unit TU3, and (D) the uppermost turbiditic Unit TU4. Contour lines 
represent the underlying topography. 

 Unit TU3 
8QLW78FDQEH IRXQGRQ WRSRI78DQG+878 LV FKDUDFWHUL]HGE\ZHOOOD\HUHGDQG
GLYHUJHQWUHIOHFWLRQVGRZQODSSLQJRQWRLWVEDVH5Fig. 3.36RXWKRI3URILOH*HR%
UHIOHFWLRQVDUHOHVVSDUDOOHODQGSDUWO\GLVUXSWHGE\VPDOOHURVLYHFKDQQHOVDQGDFRXVWLFDOO\
WUDQVSDUHQWERGLHVFigs. 3.3 and 3.57KHEDVHRI785Fig. 3.6CLVGLSSLQJPRUHVWHHSO\
WRWKHVRXWKZHVWLQWKHVRXWKHUQKDOIRIWKHVWXG\DUHDWKDQLQWKHQRUWKHUQKDOI7KHWKLFNQHVV
RI78GHFUHDVHVDVW\SLFDOIRUDOHYHHZLWKGLVWDQFHWRWKHFKDQQHO+RZHYHUXQLWWKLFNQHVV
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DOVR YDULHV LQ16GLUHFWLRQE\ VKRZLQJDSURPLQHQWDUHDRI LQFUHDVHGGHSRVLWLRQ VRXWKRI
3URILOH*HR%DQGVPDOOHUVFDOHSDWFKHVRILQFUHDVHGGHSRVLWLRQSUR[LPDOWRWKHFKDQQHO
WKDOZHJ Fig. 3.6C 8QLW 78 HQFORVHV D YROXPH RI  NPñ DORQJ  NP RI WKH FKDQQHO
Tbl. 3.2,QWKHVRXWKHUQSDUWZLWKLQWKHDUHDRILQFUHDVHGGHSRVLWLRQDQLQWHUQDOXQFRQIRUPLW\
8LVVHSDUDWLQJ78LQWRDQXSSHUDQGDORZHUSDUWFigs. 3.3 and 3.6C2YHUO\LQJUHIOHF
WLRQVRQODSRQWR87KHDERYHPHQWLRQHGGLVWXUEHGUHIOHFWRUVDQGHURVLYHFKDQQHOVH[FOX
VLYHO\H[LVWLQWKLVSDUWRIWKHVWXG\DUHDDERYH878FRQVLVWVRIWXUELGLWHVRIGDUNJUD\WR
JUD\FOD\LQWHUEHGGHGZLWKGDUNVLOWFig. 3.4IRXQGDWWKHEDVHRIWKHWXUELGLWHVLQOD\HUVSDUWO\
FPWKLFNEXWGRPLQDQWO\!FPWKLFN

Unit TU4 
8QLW78RYHUO\LQJ78VKRZVZHOOOD\HUHGGLYHUJHQWUHIOHFWLRQVRIPHGLXPDPSOLWXGH7KH
XQLWLVHQFORVHGE\WKHGLVFRUGDQWUHIOHFWLRQV5DQGWKHVHDIORRU7KHEDVHRI78LVLQFOLQHG
VRXWKZDUGVDQGVOLJKWO\HOHYDWHGSUR[LPDOWRWKHFKDQQHOFig. 3.6D
78LVZHGJHVKDSHGPD[LPXPWKLFNQHVVPZLWKSDWFK\ORFDODFFXPXODWLRQPD[LPDLQ
FKDQQHOSUR[LPLW\Fig. 3.6D7KHYROXPHRI8QLW78LVNPñDORQJNPRIWKHFKDQQHO
Tbl. 3.278FRQVLVWVRIWXUELGLWHVRIOLJKWJUD\FOD\DJDLQZLWKDEVHQWRUYHU\WKLQFP
VLOWOD\HUVDWWKHEDVHFig. 3.4

Unit HU2 
+8LVWKHXSSHUPRVWXQLWGHILQHGEDVHGRQWKHYLVXDOFRUHGHVFULSWLRQFig. 3.4, Tbl. 3.1$W
WKHWRSRI6LWH8%DaFPWKLFNOD\HURI\HOORZFDOFDUHRXVFOD\KDVEHHQLGHQWLILHG,WV
FRORUDQGFRPSRVLWLRQFOHDUO\VHSDUDWHLWIURPWKHXQGHUO\LQJ787KHXQLWLVWRRWKLQWREH
UHVROYHGLQWKH3DUDVRXQGGDWDEXWLVDVVXPHGWREHSUHVHQWWKURXJKRXWWKHVWXG\DUHDDQG
QRWRQO\DW6LWH8


3.3.4 Other structural features 
Buried channels 
Figure 3.5VKRZVDaNPZLGHDEDQGRQHGDQGILOOHGFKDQQHOORFDWHGLQWKHVRXWKRIWKH
VWXG\DUHD7KH WRSRI WKLVEXULHGFKDQQHODQG LWVDGMDFHQW OHYHHV LVPDUNHGE\8ZKLFK
VHSDUDWHV78YHUWLFDOO\7KHEXULHGFKDQQHOLVRYHUODLQE\RQODSSLQJUHIOHFWRUVRIWKHXSSHU
78DQG787KHFKDQQHOEDVHH[FHHGVVLJQDOSHQHWUDWLRQ7KHFKDQQHOILOOLVDFRXVWLFDOO\
WUDQVSDUHQWLQWKHORZHUSDUWDQGVKRZVKLJKDPSOLWXGHZDY\UHIOHFWLRQVLQWKHXSSHUSDUW7KLV
EXULHGFKDQQHOPXVWKDYHEHHQWKHDFWLYHWKDOZHJRIWKH$&XQWLOWKHHDUO\VWDJHRI78$IWHU
LWVDEDQGRQPHQWWKHQHZFKDQQHOSDWKGHYHORSHGLQFORVHSUR[LPLW\)URPWKHUHRYHUVSLOOLQJ
WXUELGLW\FXUUHQWVUDSLGO\ILOOHGWKHDEDQGRQHGFKDQQHODQGGHSRVLWHGRQODSSLQJRQ86HYHUDO
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RWKHUDQGVLJQLILFDQWO\VPDOOHUFKDQQHOVDUHLQWHUEHGGHGLQWRWKHVHGLPHQWVRI/8Fig. 3.3A-
CDQGEHWZHHQWKHOHYHHXQLWV78DQGFig. 3.3B and C7KHVHFKDQQHOVEXLOGXSVPDOO
GHSRVLWVRIVHYHUDOPHWHUVLQKHLJKWV

Channel thalweg  
7KH0&63URILOH*HR%Fig. 3.4BVKRZVWKDWWKH$&KDGEHHQHURGHGVLJQLILFDQWO\
EHORZWKHUHFHQWOHYHORIWKHWKDOZHJ7KHGHHSHVWFKDQQHOWKDOZHJZDVPEHQHDWKWKH
OHYHHEDVHDERXWPGHHSHU WKDQDWSUHVHQW7KHFKDQQHO ILOOLQJ LVFKDUDFWHUL]HGE\ WZR
SDFNDJHVRIPHGLXPDPSOLWXGHSDUDOOHOWRVXESDUDOOHOUHIOHFWLRQVDaNPZLGHVHFWLRQRI
WUDQVSDUHQW WR LQWHUPHGLDWHDPSOLWXGHFKDRWLF UHIOHFWLRQV LQEHWZHHQDQGDVPDOOHUXQLWRI
VLPLODUDSSHDUDQFHWRWKHHDVWFig. 3.4B7KHILUVWGHVFULEHGXQLWUHSUHVHQWVDIRUPHUILOOHG
FKDQQHOEUDQFKDQGWKHILOOLQJRIWKHUHFHQWWKDOZHJZKHUHDVWKHODWWHUXQLWVDUHLQWHUSUHWHGDV
SRLQWEDUVGHSRVLWHGGXULQJWKHODWHUDOPLJUDWLRQRIWKHFKDQQHOSchwenk et al., 2005; Babon-
neau et al., 20107KHPLGGOHDQGHDVWHUQSDUWVRIWKHFKDQQHOILOODUHRYHUODLQE\VXEKRUL]RQ
WDOORZDPSOLWXGHUHIOHFWLRQVFig. 3.4BLQQHUOHYHHUHVHPEOLQJWKHVHLVPLFDSSHDUDQFH
RIWKHOHYHHV

3.3.5 Stratigraphic framework 
7KHROGHVWUDGLRFDUERQDJHRINDZDVPHDVXUHGRQDSLHFHRIZRRGGHEULVVDPSOHG
IURPP&6)$Fig. 3.48QLW/8'XHWRLWVXQNQRZQRQVKRUHVWRUDJHWLPHWKLVDJHGRHV
QRWQHFHVVDULO\UHSUHVHQWWKHDJHRIGHSRVLWLRQ+RZHYHULWFRQVWUDLQVWKHPD[LPXPSRVVLEOH
DJHRIWKHRQVHWRIOHYHHIRUPDWLRQDW1WRQRWEHLQJROGHUWKDQND%3$JHVPHDVXUHG
ZLWKLQWKH8QLWV78DQGUDQJHIURPNDWRND%3Fig. 3.7$JHVERWKPHDVXUHG
RQZRRGGHEULVDQGIRUDPLQLIHUDGHFUHDVHGRZQFRUHLQGLFDWLQJUHZRUNLQJRIXSIDQPDWHULDO
6WLOOWKH\RXQJHVWDJHZLWKLQ78ND%3LQP&6)$SURYLGHVDPD[LPXPDJHIRU
DOOVHGLPHQWVGHSRVLWHGDERYH7KHVDPSOHWDNHQZLWKLQ+8DWP&6)$GDWHVWR
ND%32ZLQJWRWKHIDFWWKDWWKLVVDPSOHKDVEHHQWDNHQZLWKLQDFDOFDUHRXVFOD\GRPLQDWHG
KHQFHKHPLSHODJLFVHTXHQFHLWLVFRQVLGHUHGDVUHSUHVHQWLQJGHSRVLWLRQDODJH
)ROORZLQJWeber et al. (2018)DQGWKHLUZRUNRQWKHKHPLSHODJLFGUDSHDW,2'36LWH8
ZHDVVLJQHGDVHGLPHQWDWLRQUDWHRIFPNDWR+8)RUWKHRWKHUXQLWVVHGLPHQWDWLRQUDWHV
DW6LWH8DUHEDVHGRQWKHLQWHJUDWLRQRIUHOLDEOHUDGLRFDUERQDJHVDQGWKHPD[LPXP
DJHFRQVWUDLQWVSURYLGHGE\WKHUHZRUNHGUDGLRFDUERQVDPSOHVXQGHUFRQVLGHUDWLRQRI WKHLU
GHSRVLWLRQDOSURFHVVHVIRUGLVFXVVLRQRQGHSRVLWLRQDOSURFHVVHVVHH&KDSWHU/LQHDU
LQWHUSRODWLRQEHWZHHQWKHFDOFXODWHGDJHRIWKHEDVHRI+8DQGWKH\RXQJHVWVDPSOHPHDV
XUHGZLWKLQ78NDSURYLGHVDPLQLPXPWXUELGLWLFVHGLPHQWDWLRQUDWHRIPND/LQHDU
LQWHUSRODWLRQEHWZHHQWKHFDOFXODWHGDJHRIWKHEDVHRI78DQGWKHDJHPDUNHUZLWKLQ+8
JLYHVDVHGLPHQWDWLRQUDWHRIaFPNDIRU+8$VVXPLQJWKHVHGLPHQWDWLRQUDWHRIPND
IRUDOOWXUELGLWLFVHGLPHQWVDW178WKHIROORZLQJVWUDWLJUDSK\IRUWKH$&DW1KDVEHHQ
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HVWDEOLVKHG78ZDVGHSRVLWHGIURPNDIROORZHGE\78ZKLFKODVWHGXQWLOND
+8ODVWLQJXQWLOND78ODVWLQJIURPND78ODVWLQJXQWLONDDQG+8ZKLFK
ZDVGHSRVLWHGIURPXQWLOUHFHQWFig. 3.7, Tbl. 3.1




Figure 3.7: A: Radiocarbon dates measured within the sediments of Site U1454 on foraminifera 
(triangles) and wood fragments (diamonds); together with the interpreted age model for the levee 
of the Active Channel at 8°N (red line). Levee unit boundaries (horizontal lines) and unit names 
are indicated for orientation. Gray highlighted areas mark times of active overspilling to the levee. 
B: Ice-volume equivalent sea-level (Lambeck et al., 2014) plotted on the same timescale for com-
parison. LGM=Last Glacial Maximum. Gray highlighted areas mark times of active overspilling to 
the levee of the Active Channel at 8°N.  

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3.4 Discussion 
3.4.1 Evolution of the Active Channel-Levee System 
Depositional processes 
8QLW /8FRUUHVSRQGV WR PRIPDVVLYH VDQGV Figs. 3.4 and 3.8A DQG LV LQWHUSUHWHGDV
WHUPLQDOOREHGHSRVLWHGGXULQJWKHLQLWLDWLRQSKDVHRIWKHFKDQQHO7KHLQFLVLRQVDWWKHEDVHRI
WKHOREHUHVHPEOHIHDWXUHVIRXQGE\SUHYLRXVVWXGLHVRQRWKHUIDQVJegou et al., 2008;Picot 
et al., 2016DQGDUHLQWHUSUHWHGDVVPDOOVFDOHFKDQQHOVIHHGLQJWKHOREHFig. 3.8A
2YHUVSLOOGULYHQVHGLPHQWDWLRQLVUHSUHVHQWHGE\WKHXQLWV7878DQG78EXLOGLQJXSFODV
VLFDOZHGJHVKDSHGOHYHHVZLWKUHIOHFWLRQVGLYHUJLQJWRZDUGVWKHFKDQQHOFigs. 3.3 and 3.8B, 
D, E7KHRQVHWRIRYHUVSLOOGHSRVLWLRQ LVPDUNHGE\DVKDUSXSZDUGFKDQJHIURPDVDQG
GRPLQDWHG/8WRDFOD\DQGVLOWGRPLQDWHGOLWKRORJ\78DWWKHWUDQVLWLRQIURP/8WR78
7KHILOOHGFKDQQHOLQWKHVRXWKRIWKHVWXG\DUHDLVWKHUHPQDQWRIDQDYXOVLRQHYHQWRFFXUULQJ
GXULQJWKHGHSRVLWLRQRI78DQGDVXEVHTXHQWZHVWZDUGµMXPS¶RIWKHDFWLYHFKDQQHOSDWKZD\
Figs. 3.5 and 3.67KLVDYXOVLRQHYHQWLQLWLDWHGDSKDVHRIUHRUJDQL]DWLRQDQGUHDGMXVWPHQWLQ
WKHVRXWKHUQVWXG\DUHDUHVXOWLQJLQFUHYDVVHVSOD\VRIWHQDVVRFLDWHGZLWKOHYHHEUHDFKLQJ
Posamentier and Kolla, 2003IRUPLQJVPDOOFKDQQHOVLQWHUFDODWLQJWKHRYHUVSLOOVHGLPHQWVRI
WKHXSSHU78DQGLQLWLDWLRQRIVPDOOVFDOHPDVVZDVWLQJGHSRVLWVFigs. 3.4 and 3.5%DVHG
RQ LWV OLWKRORJLFDOSURSHUWLHV78 LV LQWHUSUHWHGDVD WXUELGLWLFXQLWDVZHOO7KHGLIIHUHQFH LQ
DFRXVWLFSURSHUWLHVRI78YHUVXV78DQGUHIOHFWLRQIUHHYHUVXVSDUDOOHOOD\HUHGTbl. 3.1
LVWKHUHVXOWRIWKHKRPRJHQHLW\RI78DQGWKHDEVHQFHRIVLOW\OD\HUVDWWKHWXUELGLWHEDVHV
2QWKHFRQWUDU\WRWKHIRXURYHUVSLOOGRPLQDWHGXQLWVWKHKRPRJHQHRXVXQLWV+8DQG+8
GRQRWUHYHDOWXUELGLWHEHGVRURWKHULQGLFDWRUVRIRYHUVSLOOGHSRVLWLRQ7KHQDQQRIRVVLOVDQG
IRUDPLQLIHUDLQWHJUDWHGLQWR+8UHTXLUHDFDOPGHSRVLWLRQDOUHJLPHDQGLQGLFDWHDVKXWRIIRI
RYHUVSLOOGHSRVLWLRQ$VLPLODUDEVHQFHRIRYHUVSLOOFDQEHDVVXPHGIRUWKHGHSRVLWLRQRI+8
&RQVHTXHQWO\ +8 DQG +8 DUH FRQVLGHUHG WR UHSUHVHQW KHPLSHODJLF VHGLPHQWDWLRQ
Fig. 3.8C, F
,QFRQFOXVLRQ WKH IRUPDWLRQRI WKH$FWLYH&KDQQHODW1 LVDVXFFHVVLRQRIDQ LQLWLDO OREH
SKDVH/8IROORZHGE\WKHEXLOGXSRIFKDQQHODQGOHYHHV78LQWHUUXSWHGE\KHPLSHODJLF
VHGLPHQWDWLRQGXULQJWLPHVRIDEVHQWRYHUVSLOOLQJ+8DQG+8Figs. 3.4 and 3.86XFKDQ
RQRIIEHKDYLRUKDVQRW\HWEHHQGHVFULEHGIRURWKHUVXEPDULQHIDQV%RWK$PD]RQDQG&RQJR
)DQGLGUHYHDOKHPLSHODJLFVHTXHQFHVLQWHUUXSWLQJFKDQQHOOHYHHFRPSOH[HVEXWOHYHHLQWHUQDO
HTXLYDOHQWVDUHPLVVLQJPiper et al., 1997; Lopez 2001; Savoye et al., 2009; Babonneau et 
al., 2010

Stratigraphic context and sedimentation rates 
7KHOHYHHEXLOGXSFDQEHVHSDUDWHGLQWRPDLQSKDVHVZLWKWKHOREHIRUPDWLRQSULRUWR
aND%3EXWQRWEHIRUHND%3DFWLYHRYHUVSLOOIRUN\U78DQGEHWZHHQ
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ND%3DSKDVHZLWKRXWRYHUVSLOOODVWLQJN\UV+8WKHUHVWDUWRIRYHUVSLOO
GHSRVLWLRQDWND%3IRUDQRWKHUaN\UV78DQGIURPND%3DQGKHP
LSHODJLFGHSRVLWLRQ+8VLQFHND%3Fig. 3.8
7KLVDJHPRGHOSURYLGHVDVROLG IUDPHZRUN IRU WKHHYROXWLRQRI WKH OHYHHHYHQ WKRXJK LW LV
EDVHGRQDOLPLWHGQXPEHURIFRQVWUDLQWV7KHPDLQSRWHQWLDOHUURUVRXUFHLVWKHHSLVRGLFGHS
RVLWLRQRI WXUELGLWHV7KLVPD\UHVXOW LQ WHPSRUDOYDULDWLRQV LQVHGLPHQWDWLRQUDWHVZKLFKZH
FDQQRWDFFRXQWIRU7KLVLVLQSDUWLFXODUUHOHYDQWIRU78ZKLFKGRPLQDQWO\FRPSULVHVYHU\
ILQHWXUELGLWLFVHGLPHQWGHSRVLWHGRXWRIVXVSHQVLRQ7KXVDORZHUVHGLPHQWDWLRQUDWHFDQEH
H[SHFWHGIRUWKLVXQLW$QDGGLWLRQDOVRXUFHIRUXQFHUWDLQWLHVH[LVWVLQWKHVHGLPHQWDWLRQUDWH
XVHGWRGHWHUPLQHWKHGXUDWLRQRI+8PNDDIWHUWeber et al., 20186OLJKWRYHURU
XQGHUHVWLPDWLRQVRI WKLVVHGLPHQWDWLRQ UDWHZRXOG UHVXOW LQDVLJQLILFDQWFKDQJH LQ WXUELGLWLF
VHGLPHQWDWLRQUDWH
:LWKPNDWKHWXUELGLWLFVHGLPHQWDWLRQUDWHDW1LVLQWKHUDQJHRIILQGLQJVIURP1
WR!FPN\UHein et al., 2017DQGRWKHUIDQVVXFKDVWKH$PD]RQ)DQPND
Lopez, 2001$W1VHGLPHQWDWLRQUDWHSHDNVEHWZHHQNDDQGDWaNDHein 
et al., 2017'XULQJWKHILUVWSHDNDW1WXUELGLWLFVHGLPHQWVZHUHDEVHQWDWWKHOHYHHDW
1ZKLOHWKHODWWHUSHDNFRQFXUVZLWKWKHGHSRVLWLRQRI78DQG
7KHKHUHSURSRVHGRQVHWRIWKH$&OHYHHGHSRVLWLRQSUHGDWHVWKHRQVHWSUHVHQWHGE\HDUOLHU
VWXGLHVWKDWZHUHFRQGXFWHGXSIDQDW1E\N\UVWeber et al., 1997DQGN\UVHein 
et al., 2017+RZHYHURXUILQGLQJVDUHVWLOOLQDJUHHPHQWZLWKWKHVHVWXGLHVDVWKHVDPSOHG
JUDYLW\FRUHV IURP1GLGQRW UHDFK WKH OHYHHEDVH7KH WRWDO OLIHWLPHRI WKHFKDQQHO LV
HVWLPDWHGWRN\UVDQGWKHUHIRUHORQJHUWKDQWKHDYHUDJHOLIHWLPHRIFKDQQHOOHYHHV\VWHPV
DW WKH4XDWHUQDU\$PD]RQ)DQN\UVRU WKH1RUWKHUQDQG$[LDO&RQJR)DQaDQG
aN\UVUHVSHFWLYHO\EXWVLPLODUWROLIHWLPHVRIFKDQQHOOHYHHV\VWHPVGXULQJWKHGHSRVLWLRQ
RI WKH6RXWKHUQ&RQJR)DQaN\UVPiper et al., 1997; Lopez, 2001; Droz et al. 2003; 
Maslin et al., 2006; Savoye et al. 2009+RZHYHULWLVYHU\LPSRUWDQWWRQRWLFHWKDWWKHYHULWDEOH
DFWLYHIRUPDWLRQRIWKHOHYHHVE\RYHUVSLOOLQJODVWHGRQO\aN\UV78ZKLFKLVVLJQLIL
FDQWO\VKRUWHUWKDQWKHWRWDOOLIHWLPH

Periods of reduced overspill 
7KUHHSRVVLEOHVFHQDULRVH[SODLQWKHGHSRVLWLRQRIWKHKHPLSHODJLFVHGLPHQWVRI+8
NDDQG+8NDUHFHQW$QLQDFWLYH%HQJDO)DQQRWUHFHLYLQJDQ\VHGLPHQW
UHGXFHGVHGLPHQWLQSXWWRWKHIDQUHVXOWLQJHLWKHULQWKHWHUPLQDWLRQRIWXUELGLW\FXUUHQWVXSIDQ
RI1RUDGHFUHDVHLQWXUELGLW\FXUUHQWKHLJKWVKLQGHULQJRYHUVSLOORQWRWKHOHYHHDQGWKH
WHUPLQDWLRQRIWXUELGLW\FXUUHQWVXSIDQRI1FDXVHGE\DQDYXOVLRQ6FHQDULRWKHFRPSOHWH
VKXWRIIRIWKH%HQJDO)DQLVUXOHGRXWIRUERWKKHPLSHODJLFVHTXHQFHVDVFRQVWDQWVHGLPHQW
VXSSO\WRWKHOHYHHKDVEHHQREVHUYHGDW1DWOHDVWVLQFHN\UV%3XQWLON\UV
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%3Hein et al., 20176FHQDULRPRUHSUHFLVHO\DGHFUHDVHLQWXUELGLW\FXUUHQWKHLJKWVLV
IDYRUHGIRUERWK+8V



Figure 3.8: Schematic sketch of the evolution of the Active Channel-levee system in the vicinity of 
Site U1454 and the relationship between channel sinuosity and overspill deposition. The front view 
corresponds to Profile GeoB97-020. Blue arrows represent overspill deposition. Thick blue arrows 
furthermore represent the direction of maximum overspill. Orange arrows indicate hemipelagic dep-
osition. A: Channel initiation and lobe deposition; B: Deposition of the first two levee units; C: Inter-
ruption of levee growth, hemipelagic deposition on the levee, only channel-confined turbidity cur-
rents. D and E: Reactivation of levee growth simultaneously with the westward migration of the 
channel thalweg. F: Again interruption of levee growth, hemipelagic deposition on the levee, turbid-
ity currents are confined to the channel.  
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7KHVHGLPHQWDWLRQUDWHRI+8LVVOLJKWO\KLJKHUWKDQWKHVHGLPHQWDWLRQUDWHRIWKHKHPLSHODJLF
GUDSH+8&KDSWHULPSO\LQJWKDWPLQRURYHUVSLOOLVVWLOORQJRLQJ0RUHRYHUDW1
VHGLPHQWDWLRQRQDWRSRJUDSKLFDOO\ORZHUWHUUDFHFORVHWRWKHFKDQQHOWKDOZHJ&RUH./
LVUHODWLYHO\FRQVWDQWXQWLODWOHDVWaNDLPSO\LQJWKDWRYHUVSLOOGXULQJWKHGHSRVLWLRQRI+8
LVFRQWLQXRXVDW1+RZHYHUDWWKHVDPHWLPHaNDVHGLPHQWDWLRQUDWHVGURSRQERWK
WKHZHVWHUQDQGHDVWHUQOHYHHDW1FRUHV./DQG./Hein et al., 2017VXJ
JHVWLQJDUHGXFWLRQLQWXUELGLW\FXUUHQWKHLJKWV$QRWKHUH[SODQDWLRQIRUWKHGHSRVLWLRQRI+8
PD\EHDVRIDUXQPDSSHGXSIDQDYXOVLRQ+RZHYHUZHREVHUYHGDWKDOZHJDJJUDGDWLRQRI
PFig. 3.4BLQWKH0&6GDWDZKLFKPXVWKDYHRFFXUUHGGXULQJWKHODWHVWVWDJHVRIFKDQQHO
GHYHORSPHQW5HGXFWLRQLQIORZVL]HDORQJZLWKDUHGXFHGGHQVLW\RUDQLQFUHDVHLQJUDLQVL]H
LVRQHRIWKHPDMRUWULJJHUVIRUD&/6WREHFRPHDJJUDGDWLRQDOKneller, 2003VXSSRUWLQJRXU
LQWHUSUHWDWLRQRIDGHFUHDVH LQFXUUHQWKHLJKW UHVXOWLQJ LQ WKHGHSRVLWLRQ+8 ,IERWKKHPL
SHODJLFOD\HUVDUHFRQQHFWHGWRDUHGXFWLRQLQIORZVL]HWKH\PD\KDYHEHHQGHSRVLWHGGXULQJ
WLPHVRIGHFUHDVHGVHGLPHQWVXSSO\WRWKHIDQ+RZHYHUERWKOD\HUVIRUPHGGXULQJWZRGLIIHU
HQW WLPHVZLWKLQ WKH VHDOHYHO F\FOH QDPHO\ WKH VHDOHYHO ORZVWDQGGXULQJ WKH/DVW*ODFLDO
0D[LPXP/*0+8DQGWKH+RORFHQHVHDOHYHOULVHDQGKLJKVWDQG+8Fig. 3.77KXV
GHSRVLWLRQRIKHPLSHODJLFVHGLPHQWVRQWKHOHYHHLVQRWQHFHVVDULO\OLQNHGWRVHDOHYHOKLJK
VWDQGVDVSURSRVHGLQJHQHUDOVHTXHQFHVWUDWLJUDSK\PRGHOV7KHGHSRVLWLRQRI+8FRUUH
ODWHVZLWKWKHLQLWLDWLRQRIWKH*DQJHV%UDKPDSXWUDGHOWDDWNDWUDSSLQJODUJHDPRXQWVRI
WKHULYHURXWSXWGoodbred and Kuehl, 2000a, b7KHGHSRVLWLRQRI+8SURFHHGVWKURXJKRXW
VHDOHYHOIDOOORZVWDQGDQGULVHJLYLQJQRKLQWWRDFRQQHFWLRQWRRQVKRUHRURQWKHVKHOIWUDS
SLQJRIVHGLPHQWV

3.4.2 Overspill sedimentation as a function of the channel geometry 
Depocenter shifts through time and space 
6LQFH78LVWKH\RXQJHVWRYHUVSLOOXQLWZHDVVXPHWKDWWKHFKDQQHOSDWKZD\PXVWKDYHEHHQ
GHHSHUWKDQWRGD\RUDWOHDVWVLPLODUGXULQJLWVGHSRVLWLRQDOORZLQJIRUWKHGLUHFWFRQQHFWLRQ
RIWKHPDSSHGGHSRFHQWHUVWRWKHFKDQQHOJHRPHWU\78LVFKDUDFWHUL]HGE\GLVFUHWHGHSR
VLWLRQDOPD[LPDFORVHWRDOPRVWDOOGLVSOD\HGPHDQGHUEHQGVFigs. 3.3 and 3.6DDVSURSRVHG
E\DQDORJDQGQXPHULFPRGHOV HJ Straub et al., 2008; Kane et al., 20107KLVFOHDU OLQN
EHWZHHQFKDQQHOFXUYDWXUHDQGGHSRVLWLRQZDVXWLOL]HGWRUHFRQVWUXFWWKHSRVLWLRQRIWKHWKDO
ZHJGXULQJWKHGHSRVLWLRQRI78DQG78
78KDVEHHQGHSRVLWHGRQWKHUHODWLYHO\KRUL]RQWDOVXUIDFHRIWKHXQGHUO\LQJOREHFig. 3.6
7KHUHIRUHRYHUVSLOOLWVHOILVWKHPDLQIDFWRUFRQWUROOLQJLWVWKLFNQHVVGLVWULEXWLRQ7KHWKLFNHUDQG
FRQFDYHXSZDUGVKDSHGHDVWHUQOHYHHDW3URILOH*HR%Fig. 3.3LQGLFDWHVDPHDQGHU
EHQGPLUURUHGWRWKHUHFHQWVLWXDWLRQ$VLPLODUDVVXPSWLRQFDQEHPDGHIRU3URILOH*HR%
Figs. 3.3 and 3.6,Q3URILOH*HR%78DSSHDUVWREHV\PPHWULFDORQERWKVLGHV
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RIWKHOHYHHSRLQWLQJWRDVWUDLJKWHUFKDQQHOVHJPHQWLQWKDWDUHDFigs. 3.3 and 3.6$GGLWLRQ
DOO\WKHFKDQQHOSDWKZD\ZDVORFDWHGIXUWKHUWRWKHHDVWLQWKHVRXWKHUQVWXG\DUHDSULRUWRWKH
FKDQQHODYXOVLRQWKDWRFFXUUHGDWWKHEHJLQQLQJRI787KHUHIRUHWKHPDLQGHSRVLWLRQRI78
ZDVFRQFHQWUDWHGWRWKHHDVWRIWRGD\¶VFKDQQHOSDWKZD\Fig. 3.6
8QLW78LVFKDUDFWHUL]HGE\WKLFNGHSRVLWVLQWKHVRXWKHUQVWXG\DUHDFig. 3.6C7KLVDUHDRI
LQFUHDVHGGHSRVLWLRQPXVWKDYHEHHQWKHUHVXOWRIWKHFKDQQHODYXOVLRQWKDWRFFXUUHGVKRUWO\
DIWHUWKHRQVHWRI787KHQHFHVVDU\DFFRPPRGDWLRQVSDFHLVJLYHQE\WKHSUHVHQFHRID
WRSRJUDSKLFORZFig. 3.6C%HVLGHVWKLVDFFRPPRGDWLRQVSDFHFRQWUROOHGGHSRVLWLRQDOPD[
LPDWKHWKLFNQHVVGLVWULEXWLRQRI78UHYHDOVVPDOOHUVFDOHWKLFNQHVVPD[LPDFigs. 3.6C-D
DVVRFLDWHGZLWKRXWHUFKDQQHOEHQGV
*UDLQVL]HVDW6LWH8FKDQJHIURPPXGGRPLQDWHGWXUELGLWHV78DQGWRWXUELGLWHVZLWK
ODUJHUVLOWFRQWHQWVDWWKHEDVH78EDFNWRPXGGRPLQDWHGWXUELGLWHV78Fig. 3.47KH
KLJKHUVLOWFRQWHQWVRI78UHVXOWVLQKLJKHUUHIOHFWLRQDPSOLWXGHVLQDOO3DUDVRXQGSURILOHVRQ
ERWKVLGHVRIWKHFKDQQHOLQGHSHQGHQWIURPFKDQQHOJHRPHWU\7KLVZLGHVSUHDGGLVWULEXWLRQRI
WKHLQFUHDVHGJUDLQVL]HVLPSOLHVWKDWWKLVLVQRWDQHIIHFWRIWKHLQIOXHQFHRIFKDQQHOVLQXRVLW\
RQRYHUVSLOOLQJJUDLQVL]HVDVLPSOLHGE\VRPHPRGHOVAmos et al., 2010, Huang et al., 2012
EXWUDWKHUFDXVHGE\DFKDQJHLQWKHGHOLYHUHGPDWHULDO



Figure 3.9: Local depocenter migration and channel pathway (green, gray and yellow line) recon-
struction in the vicinity of Site U1454 of the three levee units (from old to young) TU1 (A), TU3 (B) 
and TU4 (C); Colors indicate sediment thickness of the corresponding unit. Please note that the 
colorscale for the three units represent different absolute values. Black arrows highlight the up- and 
downfan migration of the main depocenter through time. Contour lines represent 0.5 s TWT. 

7KHVSDWLDOPDSSLQJRILQGLYLGXDOOHYHHXQLWVGHPRQVWUDWHVWKDWPHDQGHURIVXEPDULQHFKDQ
QHOOHYHHV\VWHPVPLJUDWHQRWRQO\ ODWHUDOO\EXWDOVRGRZQDQGXSIDQ7KHDUHDRIIRFXVHG
GHSRVLWLRQVRXWKRI6LWH8Fig. 3.9AVKLIWHGaNPVRXWKZDUGVFig. 3.9BDQGVXEVH
TXHQWO\QRUWKZDUGVIRUaNPFig. 3.9CGXHWRFKDQJHRIWKHFKDQQHOVLQXRVLW\7KLVREVHU
YDWLRQLVDQDGGRQWRPRGHOVZRUNLQJZLWKDVWDWLFFKDQQHOVLQXRVLW\HJPeakall et al., 2000, 
2007; Straub et al., 2008; Kane et al., 2010; Huang et al., 2012ZKLFKLPSO\WKDWPDLQGHSR
VLWLRQZRXOGEHIRFXVHGRQWKHVDPHVSRWFUHDWLQJDORFDOL]HGGHSRVLWLRQDOPD[LPXP$VD
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FRQVHTXHQFHWKHLQFUHDVLQJVLQXRVLW\GXHWRPHDQGHUJURZWKFDXVHVDPRYHPHQWRIWKHRYHU
VSLOOGHSRFHQWHUDFURVVWKHSRVLWLRQRI,2'36LWH8Fig. 3.10ILQDOO\OHDGLQJWRVLJQLILFDQW
FKDQJHVLQVHGLPHQWDWLRQUDWHV7KHVHILQGLQJVLOOXVWUDWHWKDWVSDWLDODQGWHPSRUDOYDULDWLRQV
LQOHYHHGHSRVLWLRQPLJKWRIWHQEHPLVLQWHUSUHWHGDVDVRXUFHWRVLQNVLJQDOZKHQUHVXOWVIURP
VHGLPHQWFRUHVDUHQRWIUDPHGE\DUREXVWVHLVPRDFRXVWLFGDWDVHW
,WLVZRUWKZKLOHWRWHVWLIDVLPLODUEHKDYLRUPD\EHRQHRIWKHIDFWRUVGULYLQJVHGLPHQWDWLRQUDWH
FKDQJHVLQWKH&RQJRRU$PD]RQ)DQZKLFKKDYHVRIDUEHHQOLQNHGWRFKDQQHOUHOLHISavoye 
et al., 2009DQGWKHJODFLDOLQWHUJODFLDORQRIIEHKDYLRURIWKHIDQDQGJHQHUDOSUR[LPLW\WRWKH
RYHUVSLOOLQJFKDQQHOMikkelsen et al., 1997UHVSHFWLYHO\



Figure 3.10: Top view on the meander bend next to Site U1454. A: Bathymetric map showing the 
recent channel thalweg (pink line), the recent channel flanks (black, solid line) and the outline of 
terraces formed during the migration of the meander (black stippled lines). B: Schematic sketch of 
the shift of the overspill direction due to increasing meander sinuosity and the subsequent shift of 
the main depocenter.  

Sediment fluxes  
7KHRYHUDOOWXUELGLWLFGHSRVLWLRQZLWKLQWKHHQWLUHOHYHHLVPRUHRUOHVVODWHUDOO\HTXDOL]HGRYHU
WLPHDVVKRZQE\WKHHYHQO\GLVWULEXWHGWKLFNQHVVFig. 3.6A$QH[FHSWLRQLVDGHSRVLWLRQDO
PD[LPXPLQWKHVRXWKZKHUHGHSRVLWLRQZDVFRQWUROOHGE\DFFRPPRGDWLRQVSDFHDIWHUFKDQQHO
DYXOVLRQ78%DVHGRQWKHYROXPHRIHDFKWXUELGLWHXQLWTbl. 3.2LWLVSRVVLEOHWRFDOFXODWH
PDVVDFFXPXODWLRQUDWHV0$5WRLQYHVWLJDWHYDULDWLRQVLQVHGLPHQWIOX[WRRXUVWXG\DUHD
7KH0$5VRIWKHWKUHHWXUELGLWHXQLWV78DQGDUHDOPRVWFRQVWDQW0WNDTbl. 
3.2GHQRWLQJDXQLIRUPVHGLPHQWDU\IOX[7KLVUHYHDOVWKUHHYHU\LPSRUWDQWILQGLQJV/RFDO
FKDQJHVLQVHGLPHQWDWLRQUDWHDUHFDXVHGE\WKHUHODWLYHSRVLWLRQWRWKHFKDQQHOEXWGRQRW
UHSUHVHQWFKDQJHVLQLQFRPLQJIOX[WKHFRQVWDQWWXUELGLWLFIOX[WRWKHOHYHHLVXQDIIHFWHGE\
VHDOHYHOYDULDWLRQV78ZDVGHSRVLWHGSULRUWRWKH/*0ZKHQVHDOHYHOZDVPDQGVWLOO
IDOOLQJFig. 3.7,QFRQWUDVW78DQGZHUHGHSRVLWHGZKLOHVHDOHYHOZDVDWPDQG
 WKHXQLIRUPIOX[ LPSOLHV WKDWZKHQXVLQJD ORQJWLPHDYHUDJHRQ WKHVFDOHRIDV\VWHPV
OLIHWLPH LWFDQEHXVHG WRDVVHVVDQGHYDOXDWHVHGLPHQWDU\ IOX[HVDQGEXGJHWV IURP,2'3
VLWHVGULOOHGWKURXJKOHYHHV
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Table 3.2: Calculated 2D-cross-sections and mass accumulation rates for the three turbiditic units 
TU1, 3 and 4.  
 78 78 78 7RWDO
$YHUDJH'U\%XON'HQVLW\
>NJP@    
'&URVV6HFWLRQ*HR%
>NPð@    
9ROXPH*HR%
>NPñ@    
'XUDWLRQ>ND@    
0$5>0WND@    
    
$IWHUFrance-Lanord et al., 2016
UHSUHVHQWLQJWKHVXPRIGHSRVLWLRQDWWKHWKUHHFURVVVHFWLRQV*HR%DQG
HDFKRIWKHPH[WUDSRODWHGIRUNPDORQJWKHFKDQQHO

7RSXWRXUGDWDLQWRDPRUHUHJLRQDOFRQWH[WZHXVHGWKH0$5VRIWKHWXUELGLWLFXQLWV78
DQGDQGFDOFXODWHGDµWRWDO¶VHGLPHQWDU\IOX[WRWKH%HQJDO)DQRI*WD78a*WD
78DQGa*WD78UHVSHFWLYHO\DVDILUVWRUGHUHVWLPDWLRQ7KHVHFDOFXODWLRQVDUH
EDVHGRQWKHDVVXPSWLRQRIDWRWDOFKDQQHOOHQJWKRINPDIWHUWKHVXUIDFHPDSRICurray 
et al., 2003DQGDUHYDOLGIRUWKHWLPHVRIDFWLYHRYHUVSLOOGHSRVLWLRQDW1
7KHUHFHQWDYHUDJHVXVSHQVLRQORDGRIWKH*DQJHVDQG%UDKPDSXWUDULYHUVLVDSSUR[LPDWHO\
*WDBangladesh Water Development Board, 1972; Delft Hydraulics and Danish Hydrau-
lics Institute, 1996; Milliman and Farnsworth, 2011ZKLOHWKHRYHUDOOIOX[RI*DQJHVDQG%UDK
PDSXWUDLQWHJUDWHGRYHUWKHODVWVHYHUDOKXQGUHG\HDUVUDQJHVEHWZHHQ*WDLupker 
et al., 2012, 20177KHVXVSHQVLRQORDGIOX[GRHVQRWDFFRXQWIRUWKHVHGLPHQWWUDQVSRUWHGDV
EHGORDG+RZHYHUEHGORDGJUDLQVL]HVPHDVXUHGLQWKH*DQJHVDQG%UDKPDSXWUDULYHUVDUH
EHWZHHQWRĭaPGarzanti et al., 2010ZKLFKLVODUJHUWKDQWKHJUDLQVL]HV
RIWKHWXUELGLWHVIRUPLQJWKHOHYHHDW17KXVEHGORDGVHHPVWRSOD\QRPDMRUUROHLQWKH
VHGLPHQWIOX[WRWKHOHYHH0RUHRYHUGLUHFWPHDVXUHPHQWVRIWKH*DQJHVEHGORDGPHDVXUHG
DW+DUGLQJ%ULGJHHVWLPDWHEHGORDGWRUHSUHVHQWOHVVWKDQRIWKHVXVSHQVLRQORDGLupker 
et al., 2011
7KHVHGLPHQWIOX[WRWKHIDQGXULQJOHYHHGHSRVLWLRQDW178DQG78DQG
NDTbl. 3.1KDVEHHQVOLJKWO\KLJKHUWKDQWKHUHFHQWVXVSHQVLRQORDGRI*WD
Milliman and Farnsworth, 20117KLVPD\LPSO\WKDWWKHRYHUDOOVHGLPHQWORDGLQWKH*DQJHV
DQG%UDKPDSXWUDULYHUVKDVEHHQKLJKHUDVLWLVDOVRLPSOLHGE\WKHRYHUDOOIOX[LQWHJUDWHGRYHU
WKHODVWVHYHUDOKXQGUHG\HDUV*WD; Lupker et al., 2012; 20173DUWLFXODUO\LQWHUHVWLQJ
LV WKHFRQVWDQW IOX[GXULQJND 78DQGFRQWUDGLFWLQJ WKH LGHD WKDWPRVWRI WKH
VXSSOLHGVHGLPHQWVZHUHWUDSSHGLQWKHIORRGSODLQDQG%HQJDOVKHOIGXULQJWKHULVLQJVHDOHYHO
EHWZHHQ±NDGoodbred, 2003; Hinderer, 2012
2XUVLPSOLILHGFDOFXODWLRQVFRQWDLQVRPHXQFHUWDLQWLHVVXFKDVWKHOLPLWHGGDWDFRYHUDJH
FURVVVHFWLRQV7KH\ IXUWKHUPRUHGRQRWDFFRXQW IRUGRZQIDQGHFUHDVLQJVHGLPHQW ORDG LQ
WXUELGLW\FXUUHQWVPirmez and Imran, 2003OHYHHHURVLRQGXULQJODWHUDOPHDQGHUPLJUDWLRQRU
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XSIDQWHUPLQDWLQJWXUELGLW\FXUUHQWV+RZHYHUWKHILUVWRUGHUIOX[HVWLPDWHVDWWKHOHYHHRIWKH
$&VXJJHVW WKDWVHGLPHQW ORDGRI WKH ULYHUVDQG WUDQVSRUW WR WKH IDQKDVEHHQKLJKHU WKDQ
*WDDQGWKDWDFRQVWDQWIOX[FDQEHVXVWDLQHGLQGHSHQGHQWO\IURPVHDOHYHODWOHDVWIRUWKH
WLPHVRIDFWLYHRYHUVSLOODW1

3.5 Conclusion 
8WLOL]LQJDQ LQWHJUDWHGGDWDVHWRIYHU\KLJKUHVROXWLRQ3DUDVRXQGGDWDDVZHOODV ,2'36LWH
8UHVXOWVZHLQYHVWLJDWHGWKHHYROXWLRQRIWKHDFWLYHFKDQQHOOHYHHV\VWHPRIWKH%HQJDO
)DQDW1RYHUVSLOOGHSRVLWLRQQH[WWRDQDFWLYHO\PHDQGHULQJFKDQQHODQGSURYLGHGHVWLPD
WLRQVIRUVHGLPHQWDU\IOX[HVWRWKH%HQJDO)DQ
2XUVWXG\VKRZVWKDWWKH$&VWDUWHGWRGHYHORSDWNDZKLFKLVVLJQLILFDQWO\HDUOLHUWKDQ
GLVFXVVHGLQHDUOLHUVWXGLHVNDWeber et al., 19977KH$&XQGHUZHQWDSKDVHZLWKRXW
RYHUVSLOOLQJND8QLW+8GXULQJWKH/*0DQGWKHGHJODFLDOVHDOHYHOULVHDQGGRHV
QRWUHFHLYHRYHUVSLOOLQJVHGLPHQWVDQ\PRUHVLQHaND8QLW+8:HLQWHUSUHWERWKSKDVHV
RIKHPLSHODJLFGHSRVLWLRQRQWKHOHYHHWREHFDXVHGE\DUHGXFWLRQLQWXUELGLW\FXUUHQWWKLFN
QHVV+RZHYHUWKHLUGHSRVLWLRQGXULQJGLIIHUHQWVWDJHVRIVHDOHYHOVKRZVWKDWGHSRVLWLRQRI
KHPLSHODJLFVHGLPHQWVRQWKHOHYHHLVQRWQHFHVVDULO\OLQNHGWRVHDOHYHOKLJKVWDQGVDVSUR
SRVHGLQJHQHUDOVHTXHQFHVWUDWLJUDSK\PRGHOV7KHGHSRVLWLRQRI+8PD\KDYHEHHQWULJ
JHUHGE\RQVKRUH VHGLPHQW WUDSSLQJGXH WR WKHGHYHORSPHQW RI WKH*DQJHV%UDKPDSXWUD
GHOWDZKLOHWKHGHSRVLWLRQRI+8SURFHHGVWKURXJKRXWVHDOHYHOIDOOORZVWDQGDQGULVHJLYLQJ
QRKLQWWRDVHDOHYHOFRQQHFWLRQ
:HSUHVHQWWKHILUVWLQYHVWLJDWLRQRIVKRUWWHUPYDULDWLRQVLQGHSRVLWLRQDORQJDQDFWLYHO\PH
DQGHULQJFKDQQHORQDVXEOHYHHVFDOHZKLOHDOVRLQFRUSRUDWLQJILHOGGDWD8QLWKHLJKWVDFURVV
WKHFKDQQHOFDQYDU\XSWRDWKUHHIROGZKHUHKLJKDFFXPXODWLRQFDQEHFOHDUO\OLQNHGWRFKDQ
QHO EHQGV 7KH LQYHVWLJDWLRQ RI WKH WKUHH LQGLYLGXDO WLPH VOLFHV SDUWLFXODUO\ GHFLSKHUV WKH
XSGRZQIDQVKLIWRIWKHPDLQGHSRFHQWHUDVVRFLDWHGZLWKWKHPRYHPHQWRIFKDQQHOEHQGVDQG
WKHFRQVHTXHQWO\SDWFK\GHSRVLWLRQDOSDWWHUQ)LQDOO\ LWKLJKOLJKWVWKDWVHGLPHQWDWLRQUDWHV
IURPDOHYHHORFDWLRQDVKHUH6LWH8FDQQRWEHWUDQVIHUUHGWRVHGLPHQWIOX[HVGLUHFWO\
+RZHYHUWKHVHVKRUWWHUPYDULDWLRQVDUHHTXDOL]HGRYHUWKHOLIHWLPHRIWKHFKDQQHOLQUHVSRQVH
WRWKHG\QDPLFFKDQQHOJHRPHWU\DQGWKHWRSRJUDSKLFDOO\FRQWUROOHGDFFRPPRGDWLRQVSDFH
:HVKRZWKDWPDVVDFFXPXODWLRQUDWHVRQWKHOHYHHDUHDOPRVWFRQVWDQWWKURXJKRXWWKHOLIH
WLPHRIWKH$&LPSO\LQJDFRQVWDQWVHGLPHQWIOX[WRWKHVWXG\DUHDXQDIIHFWHGE\VHDOHYHO
YDULDWLRQV$VDFRQVHTXHQFHZHVXJJHVWWKDWZKHUHQRPXOWLSOHFRYHUDJHRIDFKDQQHOOHYHH
V\VWHPLVDYDLODEOHEXGJHWVVKRXOGEHDYHUDJHGRYHUWKHHQWLUHOLIHWLPHRIRQHFKDQQHOOHYHH
V\VWHPLQRUGHUWRPLQLPL]HVWDWLVWLFDOHUURUVJHQHUDWHGE\VKRUWWHUPIOXFWXDWLRQV

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Chapter 4 
4 Middle to Late Pleistocene architecture and stratigraphy of 
the lower Bengal Fan – Integrating multichannel seismic 
data and IODP Expedition 354 results 
 

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&HQWUHGH5HFKHUFKHV3pWURJUDSKLTXHVHW*pRFKLPLTXHV&1568QLYHUVLWpGH/RUUDLQH%39DQ
GRHXYUHOHV1DQF\)UDQFH

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Abstract 
7KH%HQJDO)DQUHFRUGVWKHWHFWRQLFDQGFOLPDWHKLVWRU\RIWKH+LPDOD\DVVLQFHLWVLQLWLDWLRQ
GXULQJWKH(RFHQH(URGHGPDWHULDOIURPWKHPRXQWDLQUDQJHLVWUDQVSRUWHGDORQJDQGDFURVV
WKH%HQJDO)DQYLDIUHTXHQWO\DYXOVLQJFKDQQHOOHYHHV\VWHPVUHVXOWLQJLQDFRPSOH[ODWHUDOO\
PLJUDWLQJGHSRVLWLRQDOSDWWHUQ:HXWLOL]HDQLQWHJUDWHGGDWDVHWRIKLJKUHVROXWLRQPXOWLFKDQQHO
VHLVPLFGDWDDQG,2'3([SHGLWLRQGULOOLQJUHVXOWVLQRUGHUWRGHFLSKHUWKH0LGGOHWR/DWH
3OHLVWRFHQHDUFKLWHFWXUHDQGVWUDWLJUDSK\RIWKHORZHU%HQJDO)DQDW1&KDQQHOOHYHHV\V
WHPVKDYHDYHUDJHOLIHWLPHVRIN\UVDQGPLJUDWHODWHUDOO\RYHU!NP'HWDLOHGPDSSLQJ
DOORZHG WKHGHYHORSPHQWRID UHODWLYHVXFFHVVLRQRIFKDQQHOOHYHHV\VWHPV WR LPSURYH WKH
WUDQVHFWFKURQRVWUDWLJUDSK\0RUHRYHULWVKRZHGWKHRUJDQL]DWLRQRIIDQVHGLPHQWVLQVXEIDQV
ORFDOO\UHVWULFWHGWRSDUWVRIWKH%HQJDO)DQZKLOHWKHDGMDFHQWDUHDXQGHUJRHVKHPLSHODJLF
GHSRVLWLRQ:HLPDJHWKUHHGHSRVLWLRQSKDVHVVLQFHWKH0LGGOH3OHLVWRFHQH6XEIDQ%
0DGHSRVLWHGLQWKHZHVWHUQIDQVLPXOWDQHRXVO\ZLWKWKH0LG3OHLVWRFHQH+HPLSHODJLF
/D\HULQWKHHDVWHUQIDQ6XEIDQ&0DGHSRVLWHGLQWKHHDVWHUQIDQDQG6XEIDQ'
0D±UHFHQWDJDLQORFDWHGLQWKHZHVWHUQIDQDQGGHSRVLWHGVLPXOWDQHRXVO\ZLWKWKH/DWH
3OHLVWRFHQH+HPLSHODJLF/D\HULQWKHHDVWHUQIDQ6XEIDQORFDWLRQDQGVZLWFKDUHSDUWO\FRQ
WUROOHGE\DFFRPPRGDWLRQVSDFHFUHDWHGE\WKHXSOLIWRIWKH(5LGJHDQG1LQHW\HDVW5LGJH
GXULQJ3OHLVWRFHQH WLPHV0RUH WKDQRI WKHVHGLPHQWV UHDFKLQJ1DUHFRPSRVHGRI
VDQGVGHSRVLWHGRXWRIXQFKDQQHOL]HGWXUELGLW\FXUUHQWV7KLVQRWRQO\VXJJHVWVWKDWVDQGFRQ
WHQWLQODUJHPXGULFKVXEPDULQHIDQVPD\EHVLJQLILFDQWO\XQGHUHVWLPDWHGXQWLOQRZ,WIXUWKHU
GHPRQVWUDWHVWKHLPSRUWDQFHRIVDQGGHSRVLWLRQIRUWKHRYHUDOOIDQDUFKLWHFWXUH

Chapter 4 – Bengal Fan architecture and stratigraphy 

64 

4.1 Introduction 
7KH%HQJDO)DQLVWKHODUJHVWVXEPDULQHIDQRQ(DUWKDQGWKHSULPDU\VLQNRIVHGLPHQWVHURGHG
LQWKH+LPDOD\DQ0RXQWDLQV7KXVWKH%HQJDO)DQLVZHOOVXLWHGWRLQYHVWLJDWHWKHFOLPDWHWHF
WRQLFOLQNRIWKH,QGLDQ$VLDQFROOLVLRQDQGWKH+LPDOD\DQXSOLIWDVZHOODVWKHUROHRIWKHPRXQ
WDLQUDQJHDQG LWVZHDWKHULQJHURVLRQ LQ WKHJOREDOFDUERQF\FOHEmmel and Curray, 1983; 
Derry and France-Lanord, 1997; Curray et al., 2003; Galy et al., 2007; France-Lanord et al., 
2016,QWKLVFRQWH[WWKH%HQJDO)DQZDVWKHWDUJHWRI,2'3([SHGLWLRQGULOOLQJVLWHVDW
1France-Lanord et al., 20166LQFHWKH/DWH0LRFHQHGHSRVLWLRQRQWKH%HQJDO)DQZDV
GRPLQDWHG E\ FKDQQHOOHYHH V\VWHPV &/6V ZKLFK DUH LQLWLDWHG DQG IXUWKHU VKDSHG E\
GRZQVORSHIORZLQJWXUELGLW\FXUUHQWVSchwenk and Spieß, 2009)UHTXHQWFKDQQHODYXOVLRQV
DQGUHRFFXSDWLRQRIROGHUSDWKZD\VIRUPHGDGHSRVLWLRQDOV\VWHPZLWKODWHUDOGHSRFHQWHUPL
JUDWLRQRYHUWKHHQWLUHIDQCurray et al., 2003, Schwenk and Spieß, 20097KXVDZHVWHDVW
RULHQWHGGULOOLQJWUDQVHFWZDVFKRVHQIRU,2'3([SHGLWLRQ+RZHYHUWKHWKRURXJKXQGHU
VWDQGLQJRISURFHVVHVLQIOXHQFLQJWKHPDWHULDOGXULQJLWVWUDQVSRUWDFURVVDQGDORQJWKHIDQLV
DSUHUHTXLVLWHWRGUDZLQIHUHQFHVIURPWKHVLQNKHUHWKH%HQJDO)DQWRWKHHYROXWLRQRIWKH
VRXUFHKHUHWKH+LPDOD\DQ0RXQWDLQV7LEHWDQ3ODWHDX7KHUHIRUHZHLQYHVWLJDWHGHSRVLWLRQ
PHFKDQLVPVDWWKHORZHU%HQJDO)DQRQUHJLRQDODQGORFDOVFDOHVE\LQWHJUDWLQJKLJKUHVROX
WLRQPXOWLFKDQQHOVHLVPLF0&6GDWDZLWKWKH,2'3([SHGLWLRQGULOOLQJUHVXOWV7KHGDWD
DOORZWKHFRUUHODWLRQRIVWUDWLJUDSKLFWLPHPDUNHUVLQEHWZHHQGULOOVLWHVZKLOHDOVRDFFRXQWLQJ
IRUSKDVHVRIVHGLPHQWDWLRQQRWFRYHUHGE\WKHGULOOLQJ7KLVVWXG\IXUWKHULQYHVWLJDWHVWKHIDQ
DUFKLWHFWXUHWKHVWDFNLQJRIVXEIDQVWKHVXFFHVVLRQRILQGLYLGXDO3OHLVWRFHQH&/6VDQGWKH
LPSRUWDQFHRIVHGLPHQWVGHSRVLWHGYLDXQFRQILQHGWXUELGLW\FXUUHQWV

4.1.1 Regional Background 
7KH%HQJDO)DQLVERUGHUHGE\,QGLDDQG6UL/DQNDLQWKH:HVW%DQJODGHVKDQG0\DQPDULQ
WKH1RUWKDQGWKH$QGDPDQ1LFREDU5LGJHDQG6XPDWUDLQWKH(DVWFig. 4.1,WH[WHQGVRYHU
NPVRXWKZDUGVIURPWKHVKHOIHGJHWR6DQGFRYHUVDOPRVWWKHHQWLUH%D\RI%HQJDO
Fig. 4.1Emmel and Curray, 1983; Curray et al., 20037KH%HQJDO)DQZDVLQLWLDWHGVXEVH
TXHQWWRWKHFROOLVLRQRI,QGLDZLWK$VLDLQWKH0LGGOH3DOHRFHQHWR(DUO\(RFHQHDQGWKHXSOLIW
RI WKH+LPDOD\DQPRXQWDLQ UDQJHDQG7LEHWDQ3ODWHDXCurray et al., 2003; Gibbons et al., 
2015; Tada et al., 20167KH IDQ LVXQGHUODLQE\ WKH WZRDVHLVPLF ULGJHV(5LGJHDQG
1LQHW\HDVW5LGJHHPSODFHGGXULQJWKHQRUWKZDUGPRYHPHQWRIWKH,QGLDQSODWHFigs. 4.1 and 
4.8Gopala Rao et al., 1997; Krishna et al., 2001a; Bastia et al., 2010a7KHULGJHVDUHEXULHG
XQGHUVHGLPHQWVLQWKHQRUWKHUQ,QGLDQ2FHDQDQGSDUWO\H[SRVHGLQWKH&HQWUDO,QGLDQ2FHDQ
7KH(RFHQHWR(DUO\0LRFHQHVHGLPHQWVHFWLRQRI WKH%HQJDO)DQ LVFRPSRVHGRIVKHHWHG
WXUELGLWHVZKLOHVLQFHWKH/DWH0LRFHQHVHGLPHQWVXSSO\YLD&/6VGRPLQDWHVCurray et al., 
2003; Schwenk and Spieß, 2009
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Figure 4.1: Overview map of the Bengal Fan. Black and red lines: Surface channels after Curray 
et al., 2003; Grey lines: Multichannel seismic profiles as shown in Figure 4.8; Red square: Study 
area. SoNG=Swatch of No Ground. Tectonic features and fan outlines redrawn after Curray et al., 
2003; Bastia et al., 2010a, b; Choudhuri et al., 2014; McNeill et al., 2017a. 

7KH&/6VDFWDVWKHPDLQVHGLPHQWGLVWULEXWHUIRUPLQJDFRPSOH[GHSRVLWLRQDOV\VWHPLQFOXG
LQJIUHTXHQWFKDQQHODYXOVLRQUHRFFXSDWLRQRIROGHUSDWKZD\VDQGODWHUDOGHSRFHQWHUPLJUD
WLRQCurray et al., 2003; Schwenk and Spieß, 2009/LNHWKH$PD]RQRUWKH&RQJR)DQWKH
%HQJDO)DQLVFODVVLILHGDVDILQHJUDLQHGRUPXGULFKIDQZKLFKSHUGHILQLWLRQFRQWDLQVOHVV
WKDQVDQGRichards et al., 1998, Bouma, 2000, 2001,QWKHPRGHUQVLWXDWLRQVHGLPHQW
LVWUDQVSRUWHGIURPWKH+LPDOD\DQDUHDWRWKHVKHOIPDLQO\YLDWKH*DQJHVDQG%UDKPDSXWUD
ULYHUV7KHPDWHULDOLVWHPSRUDULO\VWRUHGLQWKHGHHSLQFLVHGVKHOIFDQ\RQSwatch of No Ground
6R1*EHIRUH LW LVHSLVRGLFDOO\ UHOHDVHG WR WKH IDQKuehl et al., 1989; Kottke et al., 2003; 
Michels et al., 2003
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1.1.1 Previous work 
6HYHUDOSUHYLRXVVHLVPLFVWXGLHVKDYHEHHQFRQGXFWHGRQWKH%HQJDO)DQLQYHVWLJDWLQJWKH
IDQHYROXWLRQDQGDUFKLWHFWXUHHJGopala Rao et al., 1997; Weber et al., 1997, 2003; Curray 
et al., 2003; Schwenk et al., 2003, 2005; Schwenk and Spieß, 2009 or Krishna et al., 2016
Curray et al., 2003PDSSHGVXUIDFH&/6VLQFOXGLQJDEDQGRQHGFKDQQHOV((DQG::
DVZHOODVWKH\RXQJHVWV\VWHPWKH$FWLYH&KDQQHO$&ZKLFKDOVRUHFHLYHGVHGLPHQWVLQ
+RORFHQHWLPHVWeber et al., 1997; Hein et al., 20176RPHRIWKHVHFKDQQHOV(((
DQG$&UHDFKRXUVWXG\DUHDZKLOHWKHRWKHUFKDQQHOVDUHORFDWHGIXUWKHUZHVWRUWHUPLQDWH
XSIDQFig. 4.1%DVHGRQWKHPDSSLQJRIVXUIDFHDQGEXULHG&/6VCurray et al., 2003LQWUR
GXFHGWKHFRQFHSWRIVXEIDQVZKLFKJRYHUQRQO\SDUWVRIWKH%HQJDO)DQZKLOHRWKHUDUHDV
UHFHLYHGQRRUDOPRVWQRIDQVHGLPHQWDWLRQGXULQJWKHVDPHWLPHSHULRG)RUWKHXSSHU%HQJDO
)DQWKHIRXUVXEIDQV$0D%0D&0DDQG'
0DWRSUHVHQWKDYHEHHQPDSSHGDQGGDWHGE\FRUUHODWLRQWR'6'36LWHCurray et al., 
20036XEIDQVDOVRFDOOHGFKDQQHOOHYHHFRPSOH[HVDUHFRPPRQIRUODUJHVXEPDULQHIDQV
DQGKDYHDOVREHHQGHVFULEHGIRUWKH$PD]RQ)DQHJFlood and Piper 1997; Piper et al., 
1997; Lopez, 2001 WKH&RQJR)DQHJSavoye et al., 2009RU WKH0LVVLVVLSSL)DQHJ
Bouma et al., 1989
7KHLQYHVWLJDWLRQRIDOPRVW:(WUHQGLQJ0&6SURILOHVE\Schwenk and Spieß, 2009UH
YHDOHGQXPHURXVRWKHU&/6VILOOHGDQGEXULHGE\\RXQJHUVHGLPHQWV7KHLUGDWDVHWLQFOXGHV
WKH0&63URILOH*HR%DORQJZKLFKWKH,2'3GULOOVLWHVKDYHEHHQSODQQHG
DQGGULOOHG$UHSURFHVVHGYHUVLRQRIWKLVSURILOHKDVEHHQXVHGLQWKLVVWXG\Schwenk and 
Spieß, 2009 LGHQWLILHG WZRUHJLRQDOXQFRQIRUPLWLHV WHQWDWLYHO\GDWHGE\FRUUHODWLRQ WR'6'3
6LWHDVRI3OLRFHQHa0DDQG3OHLVWRFHQHa0DDJH)ROORZLQJSchwenk and 
Spieß, 2009ERWKXQFRQIRUPLWLHVFRUUHODWHZLWKLQWUDSODWHIROGLQJHYHQWVIRXQGLQWKHFHQWUDO
,QGLDQ2FHDQKrishna et al., 2001bDQGRUZLWK OLWKRORJLFDOFKDQJHVDW2'3/HJVLWHV
Cochran, 1990; Stow et al., 1990+RZHYHU,2'3([SGULOOLQJVKRZHGWKDWDWOHDVWWKH
3OHLVWRFHQH XQFRQIRUPLW\ FRUUHODWHV ZLWK WKH ERXQGDU\ EHWZHHQ D UHJLRQDO H[WHQGLQJ VH
TXHQFHRIKHPLSHODJLFVHGLPHQWV0LG3OHLVWRFHQH+HPLSHODJLFOD\HU03+/VHHFKDSWHUEH
ORZDQGRYHUO\LQJWXUELGLWLFVHGLPHQWVFrance-Lanord et al., 2016

1.1.2 IODP Expedition 354 
,2'3([SHGLWLRQµBengal Fan¶WRRNSODFHLQ)HEUXDU\0DUFKDQGGULOOHGVLWHVDORQJ
D:(WUDQVHFWDW16LWHV88IRUORFDWLRQVHHFigs. 4.1 and 4.3$WDOOVHYHQ
VLWHVDUHFRUGVSDQQLQJWKHODVW0\VKDVEHHQUHFRYHUHG7KHRYHUDOOOLWKRORJ\RIWKHFRUHV
LVGRPLQDWHGE\VLOLFLFODVWLFVHGLPHQWVFRPSRVHGRIVDQGVLOWDQGFOD\ WXUELGLWHV Fig. 4.2
France-Lanord et al., 20167KHWXUELGLWLFVHGLPHQWVDOWHUQDWHZLWKLQWHUYDOVRIFDOFDUHRXVFOD\
DQGQDQQRIRVVLOULFKFDOFDUHRXVFOD\OD\HUVRISUHGRPLQDQWO\KHPLSHODJLFRULJLQ
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Figure 4.2: Lithostratigraphic summary of Expedition 354 showing lithologies that constitute >10% 
of the core (modified after France-Lanord et al., 2016). YYT=Youngest Toba Tuff, age after Gas-
parotto et al., 2000. LPHL= Late Pleistocene Hemipelagic layer. E. Hux FO= First Occurrence 
Emiliania huxleyi. MPHL=Mid Pleistocene Hemipelagic layer. Ages of E. Hux FO and Brunhes-
Matuyama boundary after Gradstein et al., 2012. Gray shading highlight sediments of Subfan C. 
Not shaded areas mark sediments of Subfan D. For locations of cores see Figures 4.1 and 4.3. 

$WHDFKRIWKHVHYHQVLWHVWZRSURPLQHQWUHJLRQDOH[WHQGLQJFDOFDUHRXVFOD\OD\HUVVHYHUDO
PHWHUVWKLFNKDYHEHHQUHFRYHUHGQDPHO\WKH0LG3OHLVWRFHQH+HPLSOHJLFOD\HU03+/DQG
WKH /DWH 3OHLVWRFHQH +HPLSHODJLF OD\HU /3+/ Fig. 4.2 7KH 03+/ FRPSULVHV WKH
0DWX\DPD%UXQKHV%RXQGDU\0DWKH-DUDPLOOR6XEFKURQ0DDQGRU
WKH&REE0RXQWDLQ6XEFKURQ0DGradstein et al., 2012; France-Lanord et al., 
2016Weber and Reilly, 2018 VKRZHGWKDWWKH03+/LVFRPSRVHGRIDSXUHKHPLSHODJLFSDUW
WKHLU 8QLW D ODVWLQJ IURP a0,60,6 a 0D RYHUODLQ E\ D PL[HG KHPL
SHODJLFWXUELGLWLFSDUWWKHLU8QLWEODVWLQJIURPa0,60,6a0D:KHUHWKH
03+/ LVSXUHO\KHPLSHODJLFVHGLPHQWDWLRQ UDWHVDUHFPNDWeber and Reilly, 2018 
IXUWKHUVXJJHVWWKDWWKHWRSRIWKH03+/LVDV\QFKURQRXV+RZHYHUWKHSRRUDJHFRQVWUDLQWV
FRPSOLFDWH WKHDFFXUDWHGDWLQJRI WKH7RSRI WKH03+/DWDOOVHYHQ ,2'3VLWHV7KH/3+/
PDUNVDQRWKHUSKDVHRI ORQJODVWLQJDQGUHJLRQDOH[WHQGLQJKHPLSHODJLFGHSRVLWLRQGUDSLQJ
WKHVHGLPHQWVDWVLWHV88WKHHDVWHUQSDUWRIWKH([SHGLWLRQGULOOLQJWUDQVHFW
Fig. 4.2$W6LWH8WKHKHPLSHODJLFVHGLPHQWVRIWKH/3+/DUHLQWHUPL[HGZLWKWXUELGLWLF
PDWHULDOFrance-Lanord et al., 2016ZKLOHDW6LWH8RQO\DaFHQWLPHWHUWKLFNKHPL
SHODJLFGUDSHKDVEHHQUHFRYHUHGUHSUHVHQWLQJWKHODVWaNDChapter 32QHVWUDWLJUDSKLF
PDUNHUZLWKLQWKH/3+/LVWKH<RXQJHVW7RED7HSKUD<77a0DGasparotto et al., 2000
ZKLFKKDVEHHQUHFRYHUHGDWWKHHDVWHUQ,2'3VLWHV7KH/3+/KDVDQDYHUDJHVHGL
PHQWDWLRQUDWHRIaFPNDDQGLWVRQVHWKDVEHHQGDWHGWRa0DWeber et al., 2018;
Weber and Reilly, 20187KHVWUDWLJUDSK\RIWKHGULOOLQJWUDQVHFWLVIXUWKHUFRQVWUDLQHGE\WKH
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ILUVWRFFXUUHQFH)2RIEmiliania huxleyia0DDJHDIWHUGradstein et al., 2012LGHQWLILHG
LQDOOVHYHQGULOOVLWHVEHWZHHQWKH/3+/DQGWKH03+/Fig. 4.27KHUHPDLQLQJVHGLPHQWV
FRQWDLQVHYHUDOWKLQKHPLSHODJLFOD\HUVDQGVHLVPLFGDWDLVUHTXLUHGWRFRUUHODWHWKHVHXQGDWHG
OD\HUVEHWZHHQGULOOVLWHV

4.2 Data and Methods 
,QWKLVVWXG\ZHSUHVHQWKLJKUHVROXWLRQPXOWLFKDQQHOVHLVPLF0&6GDWDRIWKH%HQJDO)DQ
LQLQWHJUDWLRQZLWKGULOOLQJUHVXOWVIURPWKH,2'3([SHGLWLRQFDUULHGRXWLQ)HEUXDU\0DUFK
Figs. 4. 2 and 4.3



Figure 4.3: Bathymetric map of the study area at 8°N. Black and red lines: Multichannel seismic 
profiles used in this study. Yellow dots: IODP Expedition 354 drill sites. AC, E4, E5, and E6: Surface 
channels after Curray et al., 2003. 

4.2.1 Data acquisition and processing 
7KH0&6GDWDVHWXVHGLQWKLVVWXG\ZDVDFTXLUHGGXULQJWKHWZRUHVHDUFKFUXLVHV62LQ
DQG62LQLQFRRSHUDWLRQRIWKH8QLYHUVLW\RI%UHPHQDQGWKH%*5+DQQRYHU
Spieß et al., 1998, 20067KHGDWDVHWFRQVLVWVRISURILOHVZLWKDWRWDOOHQJWKRIaNP
Fig. 4.3
7KH0&6GDWDZHUHUHFRUGHGZLWKWZRGLIIHUHQWO\VL]HGVHLVPLFVRXUFHVERWK*,JXQVDQG
GLIIHUHQWUHFRUGLQJXQLWVUHVXOWLQJLQWZRGDWDVHWVZLWKGLIIHUHQWYHUWLFDODQGKRUL]RQWDOUHVROXWLRQ
DVZHOODVDGLIIHUHQWVXEVHDIORRUSHQHWUDWLRQ$QRYHUYLHZRIWKHFRQILJXUDWLRQVIRUERWKGD
WDVHWVLVJLYHQLQ7DEOH$OOGDWDXQGHUZHQWIXOOPXOWLFKDQQHOVHLVPLFGDWDSURFHVVLQJLQ
FOXGLQJ&03%LQQLQJYHORFLW\DQDO\VLVQRUPDOPRYHRXWFRUUHFWLRQVWDFNLQJQRLVHUHGXFWLRQ
VWDWLFFRUUHFWLRQVDQG WLPHPLJUDWLRQ3URFHVVLQJDQG LQWHUSUHWDWLRQRI WKH0&6GDWDZHUH
FRQGXFWHGZLWK WKHVRIWZDUH µ9LVWD6HLVPLF'DWD3URFHVVLQJ¶DQG µ,+6.LQJGRP¶
%DWK\PHWU\GDWDVKRZQLQFigure 4.3ZHUHSURFHVVHGRQERDUGZLWKWKHVRIWZDUHµ436)OHGHU
PDXV¶DQG WKHRSHQVRXUFHVRIWZDUH0%V\VWHPV Caress and Chayes, 20177LPHGHSWK
FRQYHUVLRQVKRZQRQILJXUHVZHUHFRQGXFWHGZLWKDYHORFLW\RIPVIRUWKHZDWHUFROXPQ
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DQGDVHLVPLFYHORFLW\RIPVIRUWKHVXEVHDIORRU7KHWKLFNQHVVRIWKH03+/&KDSWHU
KDVEHHQFRQYHUWHG IURPWZRZD\ WUDYHO WLPH7:7 WRPHWHUVXVLQJ WKHDYHUDJH3
ZDYHYHORFLW\RIFDOFDUHRXVFOD\PHDVXUHGGXULQJ,2'3([SHGLWLRQPVFrance-
Lanord et al., 2016

Table 4.1: Summary of the specifications of the utilized multichannel seismic datasets.  

 6HLVPLF6RXUFH9ROXPH
1RRI
&KDQQHOV
&KDQQHO
6SDFLQJ>P@
)UHTXHQF\
UDQJH>+]@
9HUWLFDO
5HVROXWLRQ>P@
%LQ6L]H
>P@
62 O*HQHUDWRUO,QMHFWRU    a 
62 [O    a 




Figure 4.4: Top: Uninterpreted multichannel seismic data near Site U1453 and channel E4. 
MS=Magnetic Susceptibility, onboard measured, SI-units (France-Lanord et al., 2016). Bottom: In-
terpreted multichannel seismic data near Site U1453 and channel E4 including the main architec-
tural elements of channel-levee systems (channel fill, point bars, levees) intercalated by HAPRs 
(high amplitude reflection packages) and Hemipelagic Layers. LPHL=Late Pleistocene Hemipelagic 
layer. MPHL=Mid-Pleistocene Hemipelagic layer. For location see Fig. 4.5. 
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4.2.2 Core-seismic integration 
%HFDXVHRIERUHKROHLQVWDELOLW\GRZQKROHORJJLQJZDVFRQGXFWHGRQO\DW6LWH8DQGYH
ORFLW\PHDVXUHPHQWVH[LVWRQO\IRUWKHVHFWLRQEHWZHHQaPEVI7KHUHIRUHFRUHVHLVPLF
LQWHJUDWLRQGRZQWRWKH03+/ZDVGRQHXVLQJDQLQGLYLGXDOFRQVWDQWYHORFLW\IRUHYHU\GULOOVLWH
GHWHUPLQHGEDVHGRQWKHEHVWILWRISURPLQHQWVHLVPLFUHIOHFWLRQVZLWKFRUHOLWKRORJ\DQGSK\V
LFDOSURSHUWLHVFig. 4.4$GGLWLRQDOO\YHORFLWLHVZHUHFURVVFKHFNHGZLWKRQERDUGPHDVXUHG
SZDYHYHORFLWLHVFrance-Lanord et al., 2016+HPLSHODJLFOLWKRORJLHVDUHFKDUDFWHUL]HGE\
ORZPDJQHWLFVXVFHSWLELOLW\06DQGORZQDWXUDOJDPPDUDGLDWLRQ1*5France-Lanord et 
al., 2016'XHWRWKHLULPSHGDQFHFRQWUDVWWRWKHVXUURXQGLQJWXUELGLWLFVHGLPHQWVWKHVHFDQ
EHYHU\ZHOOFRUUHODWHGWRKLJKDPSOLWXGHUHIOHFWLRQVLQWKHVHLVPLFGDWDFig. 4.47KHEHVWILW
EHWZHHQWKH0&6GDWDDQG,2'3GULOOLQJUHVXOWVZDVDFKLHYHGZLWKDFRQVWDQWYHORFLW\RI
aPVIRUVLWHV88DQG8aPVIRUVLWHV8DQG8DQG
aPVIRUVLWHV8DQG8

4.3 Results 
7KHNPORQJZHVWHDVWRULHQWHG0&63URILOH*HR%FURVVHVDOO,'23([SHGL
WLRQGULOOVLWHVDQGWKH(5LGJHDQGWKH1LQHW\HDVW5LGJHFig. 4.57KHVHDIORRUDORQJ
WKHSURILOHLVGHFOLQLQJZHVWZDUGVIURPaNPWRaNPZDWHUGHSWK,WLVSUHVHQWHGLQWKLV
VWXG\LQRUGHUWRLOOXVWUDWHWKHVWUDWLJUDSKLFIUDPHZRUNDQGWKHODWHUDODQGYHUWLFDOHYROXWLRQRI
WKH%HQJDO)DQDW1:HIRFXVRQWKHXSSHUSDUWRIWKHSURILOHLQFOXGLQJWKH03+/DQGWKH
VHFWLRQDERYH$OODYDLODEOHDJHPDUNHUVIRXQGZLWKLQWKLVVHFWLRQ03+//3+/(+X[OH\L
)2<77DVZHOODVDOOUHIOHFWRUVZKLFKDUHFRQVLGHUHGDVUHSUHVHQWLQJLVRFKURQHV&/6EDVH
UHIOHFWRUVKHPLSHODJLFOD\HUKDYHEHHQWUDFHGDORQJWKH0&6GDWDDQGFRUUHODWHGZLWKWKH
GULOOVLWHV7KHVHLVPLFIDFLHVGHILQLWLRQLVEDVHGRQWKHOLWKRORJLFDOLQIRUPDWLRQREWDLQHGGXULQJ
,2'3([SHGLWLRQLQWHJUDWHGZLWKWKHZRUNRISchwenk et al., 2005 DQG Schwenk and Spieß, 
2009

4.3.1 Seismic facies definition and their link to drilling results 
Schwenk et al., 2005EDVHGRQZRUNRQWKH$PD]RQ)DQHJFlood et al., 1997; Lopez, 2001
GHILQHG WKHVHLVPLF IDFLHVLevee DepositsHARPS (high amplitude reflection packages)
Channel FillDQGCHARS (chaotic high amplitude reflection packages)DVW\SLFDOVHLVPLFIDFLHV
IRUWKH%HQJDO)DQ&/6V:HDGGLWLRQDOO\LQWURGXFHWKHVHLVPLFIDFLHVHemipelagic Layer
7KHLevee DepositsDUHZHGJHVKDSHGXQLWVRIGLYHUJLQJORZWRPRGHUDWHDPSOLWXGHUHIOHF
WLRQVLQWHUSUHWHGDVOHYHHVGHSRVLWHGIURPFKDQQHOL]HGWXUELGLW\FXUUHQWVFigs. 4.4 and 4.5
,2'3([SHGLWLRQVKRZVWKDWWKH\FRQVLVWRIGRPLQDQWO\FOD\VLOWWXUELGLWHVEXWDOVRFRQWDLQ
VDQG\VHGLPHQWV France-Lanord et al., 20167KH OHYHHVRQODS WKHXQGHUO\LQJ VWUDWDDQG
XVXDOO\RFFXUWRJHWKHUZLWKDVVRFLDWHGFKDQQHOVFigs. 4.4 and 4.57KHILOORIEXULHGFKDQQHOV
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LVFKDUDFWHUL]HGE\SDUDOOHOGLVWLQFWUHIOHFWLRQVRIORZWRPRGHUDWHDPSOLWXGHZLWKVKDUSODWHUDO
ERXQGDULHVWRWKHVXUURXQGLQJVWUDWDFigs. 4.4 and 4.57UDQVSDUHQWRUORZDPSOLWXGHEORFNV
DGMDFHQWWRRSHQDQGILOOHGFKDQQHOVUHSUHVHQWSRLQWEDUV±LQGLFDWRUVRIODWHUDOFKDQQHOPLJUD
WLRQFig. 4.4&+$56DWWKHEDVHRIVXUIDFHDQGEXULHGFKDQQHOVDUHLQWHUSUHWHGDVDJJUDG
DWLRQFKDQQHO ILOO Lopez, 2001; Schwenk et al., 2005GHSRVLWHG IURP WKHFRDUVHVHGLPHQW
IUDFWLRQFRQILQHGZLWKWKHFKDQQHOPirmez and Imran, 20031HLWKHUSRLQWEDUVQRUWKHILOORID
FKDQQHORU&+$56ZHUHUHFRYHUHGGXULQJ,2'3([S+$536DUHSDUDOOHOWRVXESDUDOOHO
UHIOHFWLRQSDFNDJHV LQWHUFDODWHGEHWZHHQ WKH&/6VSchwenk et al., 2005 LQWHUSUHWHG WKHP
EDVHGRQREVHUYDWLRQV IURP WKH$PD]RQ)DQDVPDVVLYH WRJUDGHG VDQGVGHSRVLWHG IURP
XQFKDQQHOL]HGWXUELGLW\FXUUHQWVDVFKDQQHO OREHVRU LQWUDFKDQQHOGHSRVLWVFigs. 4 and 5
,2'3([SGULOOLQJUHVXOWVFRQILUPWKDWWKH+$536FRQVLVWRIVDQGV ORFDOO\ LQWHUFDODWHG
ZLWKVLOWVDQGFOD\VFrance-Lanord et al., 20167KH+$53VDOVRUHIHUUHGWRDVXQFKDQQHO
L]HGWXUELGLWLFVHGLPHQWVDUHRIYDULDEOHDPSOLWXGHDQGUHIOHFWRUFRQILJXUDWLRQ:KHUH+$53V
DUHGHSRVLWHGLQEHWZHHQ&/6VWKH\DUHFKDUDFWHUL]HGE\UDWKHUFRQWLQXRXVUHIOHFWLRQVRIPH
GLXPWRKLJKDPSOLWXGH+$536ORFDWHGGLUHFWO\EHORZ&/6VDUHOHVVFRQWLQXRXVDQGUHSUHVHQW
WHUPLQDOOREHVGHSRVLWHGGXULQJWKHGRZQZDUGPLJUDWLRQRIWKH&/6Picot et al., 2016
+HPLSHODJLF/D\HUVDSSHDUDVVLQJOHZHOOFRQILQHGDQGFRQVLVWHQWKLJKDPSOLWXGHUHIOHFWLRQV
RUZKHUHOD\HUWKLFNQHVVH[FHHGVYHUWLFDOVHLVPLFUHVROXWLRQDVWZRFRQVLVWHQWKLJKDPSOLWXGH
UHIOHFWLRQFRQILQLQJORZHUDPSOLWXGHLQWHUQDOUHIOHFWRUV7KH+HPLSHODJLF/D\HUVDUHFRQWLQXRXV
DQGGLVWULEXWHGUHJLRQDOO\ZKHUHQRWHURGHGE\&/6V7KH\DUHRIWHQDVVRFLDWHGZLWKRYHUO\LQJ
UHIOHFWLRQVRQODSSLQJDQGFRPSRVHGRIGRPLQDQWO\FDOFDUHRXVFOD\DQGQDQQRIRVVLOULFKFDO
FDUHRXVFOD\Figs. 4.4 and 4.5

4.3.2 Regional deposition of hemipelagic sediments 
The Mid-Pleistocene Hemipelagic layer 
7KH0LG3OHLVWRFHQH+HPLSHODJLFOD\HU03+/LVDQDOPRVWFRQWLQXRXVOD\HUWKURXJKRXWWKH
ZKROHVWXG\DUHDDFRXVWLFDOO\UHSUHVHQWHGE\WZRKLJKDPSOLWXGHUHIOHFWLRQV03+/7DWWRS
DQG03+/%DWERWWRPFRQILQLQJSDUDOOHOORZHUDPSOLWXGHLQWHUQDOUHIOHFWLRQVFig. 4.4$ORQJ
3URILOH*HR%WKH03+/H[LVWVEHWZHHQNP7KHGHSWKRIWKH03+/YDULHV
IURPZHVWWRHDVWZLWKaPVaPEHORZWKHVHDIORRUZHVWRI6LWH8PVaP
EHORZWKHVHDIORRUDERYHWKH(ULGJHPVaPEHORZWKHVHDIORRULQWKHFHQWHU
RI3URILOH*HR%DQGRQO\aPVaPEHORZWKHVHDIORRULQWKHHDVWFig. 4.5
7KHOD\HUKDVWZRWKLFNQHVVPD[LPD7KHILUVWRQHDURXQG6LWH8Fig. 4.7ZKHUHGULOOLQJ
VKRZV WKDW LW FRQVLVWV RI  LQGLYLGXDO KHPLSHODJLF OD\HUV HQFORVLQJ WZR OD\HUV RI WHUUHVWULDO
VDQGVVLOWVDQGPLQRUDPRXQWVRIFOD\Fig. 4.27KHVHFRQGWKLFNQHVVPD[LPXPOLHVEHWZHHQ
VLWHV8DQG8Figs. 4.2 and 4.77KHODWWHUWKLFNQHVVLQFUHDVHLVDFFRPSDQLHGE\D
GHFUHDVHGDPSOLWXGHRI03+/7DQGLQWHUFDODWLRQRIWXUELGLWLFVHGLPHQWVLQWRWKHXSSHUSDUWRI
WKH03+/DW6LWHV8DQG8France-Lanord et al., 2016
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
Figure 4.5-Part1: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27 and IODP Ex-
pedition 354 drill sites. Bottom: Interpreted line drawing of Profile GeoB97-020+027 indicating 
channel-levee systems (CLSs) and their succession (numbered upsection).Yellow CLSs=Subfan 
C, blue CLSs=Subfan D. LPHL= Late Pleistocene Hemipelagic layer. E. Hux FO= First Occur-
rence Emiliania huxleyi. MPHL=Mid Pleistocene Hemipelagic layer. For location see Fig. 4.1, 4.3 
 
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Figure 4.5-Part 2: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27 and IODP Ex-
pedition 354 drill sites. Bottom: Interpreted line drawing of Profile GeoB97-020+027 indicating 
channel-levee systems (CLSs) and their succession (numbered upsection).Yellow CLSs=Subfan 
C, blue CLSs=Subfan D. For location see Fig. 4.1, 4.3; for legend see Fig. 4.5-Part1. 

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The Late Pleistocene Hemipelagic layer 
7KH/DWH3OHLVWRFHQH+HPLSHODJLFOD\HU/3+/LVOLNHWKH03+/DFRQWLQXRXVOD\HUHDVWRI
( ,W LVVHLVPLFDOO\UHSUHVHQWHGE\DGRXEOHUHIOHFWRURIKLJKDPSOLWXGHGUDSLQJWKHVHGL
PHQWVFig. 4.5,QWKHYLFLQLW\RI6LWH8DQG6LWH8WKHWRSRIWKH/3+/LVLQWHUVHFWHG
E\VPDOOFKDQQHOVLQGLFDWLQJUHFHQWWXUELGLWLFDFWLYLW\7KHWKLFNQHVVRIWKH/3+/LQFUHDVHVLQ
WKHYLFLQLW\RI6LWH8GXHWRWKHLQWHUFDODWLRQRIWXUELGLWLFVHGLPHQWV7KH/3+/VXEPHUJHV
ZHVWRI6LWH8DQGIDGHVRXWEHWZHHQ6LWH8DQG8Fig. 4.5



Figure 4.6: Thickness map of the Mid-Pleistocene Hemipelagic layer (MPHL). Conversion of two-
way travel time into meters has been conducted with a velocity of 1530 m/s. 

4.3.3 Channel-levee systems 
%DVHGRQ WKHDERYHGHVFULEHGVHLVPLF IDFLHV LQWHUSUHWDWLRQ&/6VKDYHEHHQ LGHQWLILHG
DERYHWKH03+/DQGDQRWKHU&/6KDVEHHQIRXQGLQFRUSRUDWHGLQWRWKH03+/%DVHGRQWKH
WUDFLQJRI OHYHHEDVHUHIOHFWRUVRIDOO&/6VDUHODWLYHVWDFNLQJSDWWHUQKDVEHHQGHYHORSHG
IURPWKHROGHVWWRWKH\RXQJHVWFig. 4.5)RUV\VWHPVDQGDQGDQG
DQGDQGDQGUHVSHFWLYHO\EDVHUHIOHFWRUVZHUHQRWFOHDUO\VHSDUDEOH+HQFH
WKHVHV\VWHPVDUHQXPEHUHGDVDE:RUDE(DFFRUGLQJWRWKHLUUHODWLYHODWHUDOSRVLWLRQRQ
3URILOH*HR%,QDGGLWLRQWRWKHVHZHOOGHYHORSHG&/6VVHYHUDOVPDOOFKDQQHOV
ZLWKRXWOHYHHVZHUHLGHQWLILHGEXWQRWFRQVLGHUHGIRUWKHVWDFNLQJSDWWHUQ
&/6VUHSUHVHQWWKHVXUIDFHFKDQQHOV$&1R((1RDQG(1R
7KHV\VWHP(VKRZVWKUHHVHSDUDEOHOHYHHVFig. 4.4VHHDOVRSchwenk and Spieß, 2009
DQGWKHLU)LJHDFKRIZKLFKLVFRXQWHGDVDQLQGLYLGXDOV\VWHP1R:DQG
7KHZLGWKRIWKHOHYHHVUDQJHVIURPDIHZNLORPHWHUVWRNPHJWKH$FWLYH&KDQQHO7KH
PD[LPXPOHYHHWKLFNQHVVLVOLNHZLVHYDULDEOHUDQJLQJIURPDIHZPHWHUVXSWRaP7KH
HURGHGFKDQQHO UHOLHI EDVHRI WKH OHYHH WRGHSWKRIPD[LPXPHURVLRQH[FHHGV WKH OHYHH
KHLJKWVLQDOPRVWDOO&/6V7KHPD[LPXPFKDQQHOUHOLHIRIaPLVUHDFKHGDWV\VWHP1R
7KH&/6VFOXVWHUDWWKUHHORFDWLRQVQDPHO\ZHVWRIWKH(5LGJHNPLQFig. 4.5HDVW
RIWKH(5LGJHNPDQGEHWZHHQ6LWH8DQG8NP%HWZHHQ
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
WKHVH DUHDV RI FKDQQHOOHYHH GHYHORSPHQW WKH VXEVHDIORRU LV GRPLQDWHG E\+$536 DQG
VPDOOXQOHYHHGFKDQQHOVFig. 4.5
7KH&/6VKDYHEHHQJURXSHGLQWRWZRVXEIDQV7KHROGHUVXEIDQLQFOXGHVWKHV\VWHPV
&/61R NPPDUNV WKH UHDSSHDUDQFHRI&/6 IRUPDWLRQ LQ WKHVWXG\DUHDDIWHU WKH
GHSRVLWLRQRIWKH03+/Figs. 4.5 and 4.67KHODWHUDOSRVLWLRQRIWZRVXEVHTXHQWV\VWHPV
ZLWKLQWKLVVXEIDQEDFNDQGIRUWKEHWZHHQVLWH8DQG8Fig. 4.57KHGLVWDQFHEH
WZHHQWZRVXFFHVVLYHV\VWHPVUDQJHVIURPNPXSWR!NP7KHROGHUVXEIDQLQFOXGHV
WKHGHYHORSPHQWRIWKHVXUIDFHFKDQQHOV((DQG(HDFKGUDSHGE\WKH/3+/DQGLV
FRQVWUDLQHGE\WKH(5LGJHDQGWKH1LQHW\HDVW5LGJH
7KH\RXQJHVWVXEIDQLQFOXGHVWKH&/6VZKLFKDUHDOOORFDWHGZHVWRIWKH(5LGJH
Fig. 4.57KHGLVWDQFHEHWZHHQWZRVXFFHVVLYHV\VWHPVLQWKLVVXEIDQUDQJHVIURPa
NP7KH\RXQJHUVXEIDQLVOHVVFRQVWUDLQHGE\,2'3([SGULOOVLWHV7KH0&6GDWDFRYHUV
RQO\WKHHDVWHUQOHYHHRI&/61RDQGLWLVXQNQRZQKRZPDQ\DGGLWLRQDO&/6VDUHORFDWHG
RXWVLGHRIRXUGDWD UDQJH7KH WZRXQODEHOHG&/6VDWNPDQG UHVSHFWLYHO\ FDQQRW
FRQFOXVLYHO\EHDVVLJQHG WRDQ\ VXEIDQ Fig. 4.57KHGHSWKRI WKHELRVWUDWLJUDSKLFGDWXP
(+X[OH\L)2DWWKHVLWHV8DQG8LQGLFDWHVWKDWERWK&/6VDUHPRVWOLNHO\ROGHU
WKDQV\VWHP1REXWUHIOHFWLRQVEHWZHHQWKHVH&/6VDUHDPELJXRXV

4.3.4 Unchannelized turbiditic sediments 
%HVLGHV WKHQXPHURXV&/6V ODUJHSDUWVRI WKHVHGLPHQWVDUHFRPSRVHGRIXQFKDQQHOL]HG
VHGLPHQWV+$53VFig. 4.5:KHQRPLWWLQJWKHKHPLSHODJLFSDUWVWKHUHPDLQLQJXQFKDQQHO
L]HG VHGLPHQWV UHSUHVHQW a RI WKH WRWDO DPRXQW RI VHGLPHQWV GHSRVLWHG DORQJ 3URILOH
*HR%DERYHWKH03+/ZKLOHWKH&/6VUHSUHVHQWWKHUHPDLQLQJ7KHXQ
FKDQQHOL]HGVHGLPHQWVVSUHDGODWHUDOO\IRUWHQVWRKXQGUHGVRINLORPHWHUVD ORWIXUWKHUWKDQ
WKHOHYHHVGRZKLOHPDLQWDLQLQJDUHODWLYHO\IODWVXUIDFHE\RQODSSLQJWKHXQGHUO\LQJ&/6V


4.4 Discussion 
4.4.1 Regional depocenter migration 
Hemipelagic vs. turbiditic deposition 
7KH0LGDQG/DWH3OHLVWRFHQH+HPLSHODJLF OD\HUV 03+/DQG/3+/PDUN WZRSKDVHVRI
KHPLSHODJLFGHSRVLWLRQDW1DQGKHQFHWKHDEVHQFHRIWXUELGLWLFIDQGHSRVLWLRQDORQJWKH
,2'3GULOOLQJWUDQVHFWGXULQJWKHVHWLPHV
$VGHVFULEHGDERYHWKH03+/LVWKLFNHQLQJLQWKHFHQWHURIWKHVWXG\DUHDGXHWRWKHLQWHUFD
ODWLRQRI WKLQ WXUELGLWHVZLWK KHPLSHODJLF VHGLPHQWV Figs. 4.2 and 4.6 7KHH[LVWHQFHRI D
PL[HGKHPLSHODJLFWXUELGLWLFOD\HUKDVDOVREHHQGLVFXVVHGE\Weber and Reilly, 2018 WKHLU
8QLWEDQGPDUNV WKH WUDQVLWLRQ IURPDKHPLSHODJLFGRPLQDWHG UHJLPH WR WKHVXEVHTXHQW
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WXUELGLWLFGRPLQDWHGUHJLPH7KHRQODSSLQJUHIOHFWRUVRYHUO\LQJWKH03+/LPSO\WKDWWKHWXU
ELGLWLFVHGLPHQWDWLRQILUVWUHDSSHDUHGSUR[LPDOWR6LWH8DQGIURPWKHUHVSUHDGJUDGXDOO\
ZHVWDQGHDVWZDUGVXQGHUOLQLQJ WKHDV\QFKURQRXVFKDUDFWHURI WKHXSSHUERXQGDU\RI WKH
03+/
7KHWRSRIWKH03+/DSSHDUVDVGLVWLQFWXQFRQIRUPLW\LQWKHVHLVPLFGDWDGXHWRLWVDFRXVWLF
SURSHUWLHV DQG WKH RQODS RI WKH RYHUO\LQJ WXUELGLWLF VHGLPHQWVSchwenk and Spieß, 2009
PDSSHGWKLVµXQFRQIRUPLW\¶RI3OHLVWRFHQHDJHDORQJ3URILOH*HR%DQGFRUUHODWHG
LWVIRUPDWLRQZLWKLQWUDSODWHWHFWRQLFVDFWLYHLQWKH&HQWUDO,QGLDQ2FHDQKrishna et al., 2001b
+RZHYHU,2'3([SHGLWLRQVKRZHGWKDWWKHLU3OHLVWRFHQHXQFRQIRUPLW\LVLGHQWLFDOZLWKWKH
03+/FDXVHGE\WKHWXUELGLWLFVHGLPHQWVRQODSSLQJWKHKHPLSHODJLFVHGLPHQWV$W2'3/HJ
VLWHVDWa6WKH\REVHUYHGDQXQFRQIRUPLW\8QFRQIRUPLW\%RIVLPLODUDJHa0D
DVVRFLDWHGZLWKDQLQFUHDVHLQVHGLPHQWDWLRQUDWHDQGJUDLQVL]HCochran, 19907KHRFFXU
UHQFHRIWKLVXQFRQIRUPLW\KDVEHHQOLQNHGZLWKWKHLQWHQVLILFDWLRQRI3OLRFHQH3OHLVWRFHQHJOD
FLDWLRQCochran, 1990Schwenk and Spieß, 2009LGHQWLILHGRWKHUXQFRQIRUPLWLHVRI3OLRFHQH
DQG0LRFHQHDJHDW1DQGDVHWRIXQGDWHGXQFRQIRUPLWLHVDW11DQG18D
8JFig. 4.8+RZHYHUEDVHGRQRXUQHZ ILQGLQJVDIWHU WKH LQWHJUDWLRQRI0&6ZLWK ,2'3
([SHGLWLRQUHVXOWVZHSURSRVHWKDWDOOWKHVHXQFRQIRUPLWLHVDUHDFWXDOO\KHPLSHODJLFVHG
LPHQWVOLQNHGWRWKHDEVHQFHRIIDQGHSRVLWLRQLQWKLVDUHDUDWKHUWKDQWHFWRQLFDFWLYLW\,QWKH
FDVHRI8QFRQIRUPLW\%LWPD\HYHQUHSUHVHQWWKHVDPHWLPHDVWKH03+/GRHV
2QHLPSRUWDQWTXHVWLRQLVKRZWKHGHSRVLWLRQRIVXFKUHJLRQDOORQJODVWLQJKHPLSHODJLFGHS
RVLWLRQLVWULJJHUHG/RRNLQJDWWKH/3+/WKH&/6VXFFHVVLRQFOHDUO\VKRZVWKDWLWKDVEHHQ
GHSRVLWHGVLPXOWDQHRXVO\ZLWKWKH\RXQJHUVXEIDQREVHUYHGLQRXUVHLVPLFGDWDFig. 4.57KH
VLPXOWDQHRXVRFFXUUHQFHRIKHPLSHODJLFDQGIDQVHGLPHQWVFDQEHH[SODLQHGZLWKWKHFRQFHSW
RIVXEIDQVLQWURGXFHGIRUWKHXSSHU%HQJDO)DQE\Curray et al., 2003DQGZKLFKJRYHUQRQO\
SDUWVRIWKH%HQJDO)DQIRUDJLYHQSHULRGZKLOHRWKHUDUHDVUHFHLYHDOPRVWQRIDQVHGLPHQ
WDWLRQ7KLVKRUL]RQWDOVXFFHVVLRQRIIDQDQGQRQIDQVHGLPHQWVZHREVHUYHLPSOLHVWKDWWKHUH
LVQRJHQHUDOO\YDOLGOLQNEHWZHHQKHPLSHODJLFGHSRVLWLRQRQWKH%HQJDO)DQDQGDIDQVKXWRII
EXWWKDWKHPLSHODJLFGHSRVLWLRQFDQEHFRQQHFWHGRQO\WRWKHGHIOHFWLRQRIWHUUHVWULDOPDWHULDO
LQWRRWKHUUHJLRQV&RQVHTXHQWO\WKH03+/DOVRUHSUHVHQWVDWLPHVSDQZLWKIDQGHSRVLWLRQ
QRWUHDFKLQJ1DQGRUEHLQJGHIOHFWHGWRWKHZHVWRIRXUVWXG\DUHD

Timing of subfans 
6LQFHWKHRQVHWRI WKH03+/WKUHH LQGLYLGXDOSKDVHVRIGHSRVLWLRQFDQEHGLVWLQJXLVKHGDW
17KHROGHVWLVWKH03+/LWVHOIa0DWeber and Reilly, 2018GHSRVLWHGLQRXU
VWXG\DUHDZKLOHDWWKHVDPHWLPHIDQGHSRVLWLRQPXVWKDYHRFFXUUHGHOVHZKHUH7KH03+/
LVIROORZHGE\WKHWZRVXEIDQVLGHQWLILHGLQWKHVHLVPLFGDWDa0DDQGa0D±
UHFHQWUHVSHFWLYHO\DQGWKHGHSRVLWLRQRIWKH/3+/VLPXOWDQHRXVO\ZLWKWKH\RXQJHUVXEIDQ
:LWKRXUQHZGDWDZHDUHDEOHWRH[WHQGWKHVXEIDQVILUVWLQWURGXFHGE\Curray et al., 2003
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DV IDUVRXWKDV1DQGJHWDQ LPSURYHGFRQWURORYHU WKHLU WLPLQJ ,QRUGHU WRFRUUHODWHRXU
ILQGLQJV RQ VXEIDQ GHSRVLWLRQ ZLWK WKH ILQGLQJV IURP HDUOLHU VWXGLHV Curray et al., 2003; 
Schwenk and Spieß, 2009ZHFRPELQHVXEIDQORFDWLRQGLVFXVVHGLQ&KDSWHUFig. 4.8
DQGWLPLQJWKLVFKDSWHUFig. 4.7
Curray et al., 2003VHSDUDWHWKH0LGGOHDQG8SSHU3OHLVWRFHQHLQWRWKHIRXUVXEIDQV$%&
DQG'0D0D0DDQG0DUHVSHFWLYHO\$JHVRI
WKHVHVXEIDQVZHUHGHWHUPLQHGE\FRUUHODWLRQRI WKHLUEDVHUHIOHFWRUVIURPWKHXSSHUIDQWR
'6'36LWHCurray et al., 2003+RZHYHU
UHFRYHU\DQGDJHFRQVWUDLQWVDW'6'36LWH
ZHUHSRRUDVLWKDVEHHQRQO\VSRWFRUHGVon 
der Borch, 1974 UHVXOWLQJ LQ ODUJH XQFHUWDLQ
WLHV7KHXQFHUWDLQWLHVLQGDWLQJLQGLYLGXDOKHPL
SHODJLF OD\HUV DUH IXUWKHU LQFUHDVHG EHFDXVH
WKHLUWRSVVHHPWREHODWHUDOO\DV\QFKURQRXVGH
SHQGLQJRQZKHUHVXEVHTXHQWWXUELGLWLFGHSRVL
WLRQUHDSSHDUHG

(YLGHQWO\WKHPRVWUHFHQW6XEIDQ'DQGRXU\RXQJHUVXEIDQUHSUHVHQWWKHVDPHGHSRVLWLRQDO
XQLWLQFOXGLQJDPRQJVWRWKHUVWKH$FWLYH&KDQQHO3URILOH*HR%FRYHUVWKHHDVW
HUQPRVWSDUWRI6XEIDQ'SOXVWKHKHPLSHODJLFHTXLYDOHQWWKH/3+/Weber et al., 2003 and
Schwenk and Spieß, 2009VXJJHVWHG6XEIDQ'VWDUWHGWRGHYHORSDURXQGaNDDJRHDUOLHU
WKDQVXJJHVWHGE\Curray et al., 2003$VVXPLQJWKDWWKHRQVHWRIWKH/3+/DOVRPDNHVWKH
RQVHWRI6XEIDQ'ZHDUHDEOHWROLPLWLWVLQLWLDWLRQWRKDYLQJRFFXUUHGDIWHUaND(+X[
)2EXWEHIRUHaNDDJHRI/3+/EDVHDIWHUWeber et al., 2018 DQG Weber and Reilly, 
2018Fig. 4.7
Curray et al., 2003GLVFXVVWKDWWKHLUVHFRQGROGHVW6XEIDQ&LVUHVWULFWHGWRWKHHDVWHUQSDUW
RIWKH%HQJDO)DQDQGGRHVQRWUHDFK'6'36LWH+RZHYHUZHGRREVHUYHIDQGHSRVLWLRQ
DW1GLUHFWO\SULRU WR WKHGHSRVLWLRQRI6XEIDQ':HDUHFRQILGHQW WKDW WKLVROGHUVXEIDQ
REVHUYHGDW1DQG6XEIDQ&DUHWKHVDPHEXWSURSRVHDQHDUOLHURQVHWRI6XEIDQ&a
0DWeber and Reilly, 2018WKDQCurray et al., 2003GLG0DFig. 4.7
Figure 4.7: Subfan sequences as interpreted by 
Curray et al., 2003, Schwenk and Spieß, 2009 
and this study and simultaneously deposited 
hemipelagic layer (this study). Naming of subfans 
in this study after naming from Curray et al., 2003. 
Dating of subfans in this study based on Weber et 
al., 2018 and Weber and Reilly (in review). 
LPHL=Late Pleistocene Hemipelagic Layer; 
MPHL=Mid-Pleistocene Hemipelagic Layer. 

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7KH03+/ LV WKH WKLUGROGHVWGHSRVLWLRQDOXQLW LGHQWLILHG LQRXUGDWDDQG UHSUHVHQWVD WLPH
GXULQJZKLFKQRIDQVHGLPHQWVUHDFKHGRXUVWXG\DUHD)ROORZLQJWKHFRQFHSWRIVXEIDQVIDQ
VHGLPHQWDWLRQPXVWKDYHRFFXUUHGHOVHZKHUHGXULQJWKLVWLPH7KHWKLUGROGHVWXQLWLGHQWLILHG
E\Curray et al., 2003LV6XEIDQ%7KXVZHSURSRVHWKDWWKH03+/LVWKHKHPLSHODJLFHTXLY
DOHQWWR6XEIDQ%VXFKDVWKH/3+/LVWKHKHPLSHODJLFHTXLYDOHQWWR6XEIDQ'7KHUHVXOWV
IURP,2'3([SFrance-Lanord et al., 2016DQGWKHZRUNIURPWeber and Reilly, 2018
LPSO\WKDW6XEIDQ%KDGLWVRQVHWDQGWHUPLQDWLRQHDUOLHUWKDQSURSRVHGE\Curray et al., 2003
Fig. 4.7

Regional extension of subfans 
,Q)LJXUHZHSUHVHQWDPRGHORIVXEIDQORFDWLRQIRUODUJHSDUWVRIWKH%HQJDO)DQFRQQHFW
LQJRXUQHZILQGLQJVIURP1ZLWKWKHHDUO\ZRUNIURPCurray et al., 2003)RUWKLVPRGHOZH
DGGLWLRQDOO\XWLOL]HGWKH0&6SURILOHV*HR%DQGSXEOLVKHGE\Schwenk 
and Spieß, 2009DQG,2'3([SHGLWLRQ6LWH8ORFDWHGDWa1GLUHFWO\DERYHWKH
(5LGJH Clemens et al., 2016)LQGLQJVDQGDVVXPSWLRQVEHKLQGRXUPRGHORIVXEIDQ
ORFDWLRQDUHWKHVXEIDQV\QFKURQRXVO\GHSRVLWHGZLWKWKH03+/LVQRWFRYHUHGE\WKH,23'
([SHGLWLRQDQGRXU0&6GDWD+RZHYHUWKHVXEIDQORFDWLRQFDQRQO\EHZHVWRIWKH(
VLQFHHDVWRIRXUVWXG\DUHDOLHVWKH1LFREDU)DQZKLFKLVGLVFRQQHFWHGIURPWKH%HQJDO)DQ
VLQFHa0DDJRMcNeill et al., 2017a1RWXUELGLWLFVHGLPHQWDWLRQUHDFKHG6LWH8
EHWZHHQaDQG0DDJR8QLWP&6)$Clemens et al., 2016+RZHYHU
JUDYLW\DQRPDO\PDSVHJBastia et al., 2010aDQG0&6OLQHVSchwenk and Spieß, 2009
VKRZWKDW6LWH8LVORFDWHGDERYHDYHU\KLJKHOHYDWHGVHFWLRQRIWKH(5LGJHPDUNLQJ
WKLVORQJODVWLQJKHPLSHODJLFSKDVHDVDORFDOSKHQRPHQRQ7RSDQGERWWRPRI8QLW6LWH
8FRUUHODWHZLWKWKHXQFRQIRUPLWLHV8FDQG8GDW1LGHQWLILHGE\Schwenk and Spieß, 
20097KHVHWZRXQFRQIRUPLWLHVVSOLWXSMXVWHDVWRI6LWH8ZKHUHWKH\DUHLQWHUFDODWHGE\
WXUELGLWLFVHGLPHQWV7HQWDWLYHQRUWKZDUGVWUDFLQJRIWKH03+/DORQJSUHOLPLQDU\SURFHVVHG
0&6SURILOHVFRUUHODWHVLWZLWK8QFRQIRUPLW\8EDW1Schwenk and Spieß, 2009&RP
ELQLQJRXUILQGLQJVZLWKWKHVWXGLHVRICurray et al., 2003DQGSchwenk and Spieß, 2009ZH
DVVLJQHGWKHVXUIDFHFKDQQHOV((WR6XEIDQ&DQGWKHVXUIDFHFKDQQHOV::WKH$&
DQG(WR6XEIDQ'7KHXQFRQIRUPLWLHV8HDQG8I1Schwenk and Spieß, 2009
HQFORVH6XEIDQ&7KHHOHYDWLRQRI WKH(5LGJHYDULHV IURPQRUWK WRVRXWKDQG WKXV
DOORZVWXUELGLW\FXUUHQWVWRRYHUIORZWKLVULGJHDWVRPHSODFHVZKLOHRWKHUVDFWDVWRSRJUDSKLF
EDUULHUBastia et al, 2010a; Radhakrishna et al., 2012



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
Figure 4.8: A-C: Interpreted map of subfans B (red), C (yellow) and D (blue) based on IODP Exp. 
354, IODP Exp. 353 Site U1444, Multichannel seismic profiles GeoB97-059/69, 041, 028 and 
020+27 (Schwenk and Spieß, 2009 and this study). Surface channels and the position of subfans 
on the upper Bengal Fan (thin colored lines) after Curray et al., 2003. D: Sketch of the subfans B, 
C and D in cross section along the multichannel seismic profiles GeoB97-059/69, 041, 028 and 
020+27 (Schwenk and Spieß, 2009 and this study). Ua-Ug=Unconformities after Schwenk and 
Spieß, 2009. W1-W5, AC, E3-E6=Surface channels after Curray et al., 2003 and Schwenk and 
Spieß, 2009.  

7KHGHSRVLWLRQRI WKHKHPLSHODJLF03+/DWERWK0&6SURILOHVDW1DQG1SURYHVWKH
DEVHQFHRIWKHVLPXOWDQHRXVO\GHSRVLWHG6XEIDQ%WKHUH+RZHYHUDWWKH0&6SURILOHDW1
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*HR% WKHDFRXVWLFFKDUDFWHURI WKHXQFRQIRUPLW\DVVRFLDWHGZLWK WKH03+/ LV
GLIIHUHQWLQWKHYHU\ZHVWFRPSDUHGWRWKHUHPDLQLQJSURILOHFig. 4.57KHGLVWLQFWVHWRIKLJK
DPSOLWXGHUHIOHFWLRQVHQFORVLQJDORZHUDPSOLWXGHSDFNDJHFKDUDFWHUL]LQJWKH03+/GLVDSSHDU
ZHVWRI&/61RFig. 4.57KLVPD\EHFRQQHFWHGWRWKHSUHVHQFHRIWKHDFWXDOIDQVHGL
PHQWVRI6XEIDQ%DQGWKHDEVHQFHRIWKH03+/$VLPLODUDOWKRXJKQRWWKDWGLVWLQFWFKDQJH
LQDFRXVWLFDSSHDUDQFHLVREVHUYHGIRU8ELQWKHZHVWRI3URILOH*HR%7KHORQJODVWLQJ
KHPLSHODJLFGHSRVLWLRQDW,2'36LWH8SURRIVWKHDEVHQFHRI6XEIDQ%DWWKLVORFDWLRQ
+RZHYHUWXUELGLWLFVHGLPHQWVGHSRVLWHGZHVWRI6LWH8EHWZHHQWKHXQFRQIRUPLWLHV8F
DQG8G1FRYHUWKHWLPHVSDQIURPa0DLQFOXGLQJWKHWLPHRIGHSRVLWLRQRI6XE
IDQ%7KXVZH LQWHUSUHW WKHXSSHUSDUWRI WXUELGLWLFVHGLPHQWVHQFORVHGE\8FDQG8GDV
6XEIDQ%)XUWKHUPRUHEDVHGRQWKHVHTXHQFHRIVXEIDQVZH LQWHUSUHW WKHVHGLPHQWVHQ
FORVHGE\WKHXQFRQIRUPLWLHV8JDQG8IDW1Fig. 4.8DV6XEIDQ%8QIRUWXQDWHO\H[FHSW
IRUWKH$FWLYH&KDQQHOQRDEVROXWHDJHFRQVWUDLQFRQVLVWDW1PDNLQJWKLVLQWHUSUHWDWLRQ
XQFHUWDLQ2XUGDWDGRQRW FRYHU WKH%HQJDO)DQZHVWRI WKH(5LGJH1RQHWKHOHVV LQ
JHQHUDOVHGLPHQWV IURPWKH%D\RI%HQJDOFDQDOVRUHDFKWKLVSDUWRI WKH%HQJDO)DQHJ
Bastia et al., 2010a; Krishna et al., 20167KHUHIRUHDQGGXHWRWKHGLVFRQQHFWLRQRI1LFREDU
DQG%HQJDO)DQSULRUWKHIRUPDWLRQRI6XEIDQ%VHHGLVFXVVLRQDERYHZHFRQVLGHUWKHZHVW
HUQ%HQJDOIDQDVWKHPRVWOLNHO\ORFDWLRQRI6XEIDQ%
6XEIDQ&LVZHOOFRQVWUDLQHGLQWKHHDVWHUQ%HQJDO)DQE\WKHVXUIDFHFKDQQHOV((DQGLWV
GHSRVLWLRQDW18QFRQIRUPLWLHVWUDFHGRQWKHSURILOHVDWDQG1LQGLFDWHWKDW6XEIDQ
&LVSDUWO\XQGHUO\LQJ6XEIDQ'LQODUJHSDUWVRIWKH%HQJDO)DQZKLOHDW1WKHWZRVXEIDQV
OLHVLGHE\VLGH$W,2'36LWH8WXUELGLWLFVHGLPHQWDWLRQRQVHW8QLWClemens et al., 
2016FRPPHQFHVDWa0DDIWHUWKHEDVLQHDVWRIWKHVLWHKDVEHHQILOOHG
6XEIDQ' LV YHU\ZHOO FRQVWUDLQHGE\ VXUIDFHFKDQQHOVDQG WKH FOHDUHYLGHQFHRI WXUELGLWLF
VHGLPHQWDWLRQDW6LWH8DQG6LWHV8DQG8GXULQJLWVIRUPDWLRQ:HSURSRVHGD
6XEIDQ'ZKLFKVSDQVOHVVHDVWZDUGVWKDQVXJJHVWHGE\Curray et al., 2003.7KLVLVEHVWVHHQ
LQ3URILOH*HR%Schwenk and Spieß, 2009ZKHUH6XEIDQ'FOHDUO\RQODSV6XE
IDQ&

Control on subfan migration 
7KHWKUHHVXEIDQV%&DQG'LQYHVWLJDWHGLQWKLVVWXG\DOOVSDQRYHUVHYHUDOJODFLDOLQWHUJOD
FLDOF\FOHV,WVHHPVWKDWDWOHDVWIRUWKHWZRVXEIDQV&DQG'IDQVHGLPHQWVKDYHEHHQGHSRV
LWHGUDWKHUFRQVWDQWO\7KLVLVLQFRQWUDVWWRWKH$PD]RQ)DQZKHUHVXEIDQVDOVRFDOOHGFKDQ
QHOOHYHHFRPSOH[HVDUHGHSRVLWHGGXULQJVHDOHYHOORZVWDQGVRQO\DQGFKDQQHOOHYHHFRP
SOH[VZLWFKLQJLVWULJJHUHGE\WKHVXEVHTXHQWORZVWDQG'XULQJKLJKVWDQGVKRZHYHUKHPL
SHODJLFVHGLPHQWVDUHGHSRVLWHGLQWKLQOD\HUVRYHUWKHHQWLUHIDQVHSDUDWLQJWKHFKDQQHOOHYHH
FRPSOH[HVPiper et al., 1997;Lopez, 2001, Maslin et al., 20062QWKH&RQJR)DQWKHORFD
WLRQDQGVZLWFKEHWZHHQFKDQQHOOHYHHFRPSOH[HVDUHPDLQO\FRQWUROOHGE\DFFRPPRGDWLRQ
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VSDFHSavoye et al., 20097KHUHVXOWLQJGHSRVLWLRQDOSDWWHUQ LVYHU\VLPLODU WRWKH%HQJDO
)DQZLWKWKLFNHUKHPLSHODJLFVHTXHQFHVGHSRVLWHGVLPXOWDQHRXVO\ZLWKIDQVHGLPHQWVLQWKH
DGMDFHQWDUHD7KLVVXJJHVWVWKDWDOVRWKHFRQWUROOLQJPHFKDQLVPIRUVXEIDQVZLWFKLQJRQERWK
IDQVLVDOLNH
7KHUHVHPEODQFHRI%HQJDODQG&RQJR)DQLVDOVRH[SUHVVHGLQWKHOLIHWLPHVRIWKHFKDQQHO
OHYHHFRPSOH[HV6XEIDQ&DQG'ODVWDERXWDQGN\UVUHVSHFWLYHO\ZKLOHWKHWKUHH
FKDQQHOOHYHHFRPSOH[HVRQWKH&RQJR)DQKDYHOLIHWLPHVRIaN\UVSavoye et al., 
2009&KDQQHOOHYHHFRPSOH[HVRQWKH$PD]RQ)DQRQWKHRWKHUKDQGODVWRQO\IRULQGLYLGXDO
JODFLDOLQWHUJODFLDOF\FOHVaNDPiper et al., 1997; Lopez 20017KH&RQJR)DQGLIIHUV
VLJQLILFDQWO\IURPRWKHUODUJHVXEPDULQHIDQVGXHWRLWVFRQVWDQWFRQQHFWLRQWRWKHIHHGLQJULYHU
HJBabonneau et al., 2010)RUWKH%HQJDO)DQDVLPLODUEHKDYLRULVNQRZQIRU+RORFHQH
WLPHVZLWKVHGLPHQWVE\SDVVLQJDORQJWKHVKHOIWRWKHIHHGHUFDQ\RQDQGIXUWKHUWRWKH)DQ
Kuehl et al., 1989; Hein et al., 2017,W LVOLNHO\WKDWVHGLPHQWE\SDVVLQJDOVRPDLQWDLQHGD
FRQVWDQWVHGLPHQWVXSSO\WRWKH%HQJDO)DQGXULQJHDUOLHUKLJKVWDQGH[SODLQLQJWKHDQDORJ\RI
&RQJRDQG%HQJDO)DQ
)ROORZLQJ Curray et al., 2003, WKH LQLWLDOSRVLWLRQRI WKHVXEIDQVRQWKHXSSHU%HQJDO)DQLV
FRQWUROOHGE\WKHFKDQJLQJORFDWLRQRIWKHIHHGHUFDQ\RQ2XUUHVXOWVVKRZWKDWLQWKHPLGGOH
DQGORZHUIDQDFFRPPRGDWLRQVSDFHEHFRPHVDPRUHDQGPRUHGRPLQDQWIDFWRU7KHDFFRP
PRGDWLRQVSDFHZDVPDLQO\FRQWUROOHGE\WKHXSOLIWRIWKH(5LGJHDQGWKH1LQHW\HDVW5LGJH
FUHDWLQJGLVWLQFWEDVLQV,QWKHFDVHRI6XEIDQ&DQG'XSOLIWDW1PXVWKDYHRFFXUUHGV\Q
FKURQRXVRULPPHGLDWHO\DIWHUWKHGHSRVLWLRQRIWKH03+/LQRUGHUWRFUHDWHDQGPDLQWDLQ
WKHDFFRPPRGDWLRQVSDFHIRU6XEIDQ&8SOLIWPLJKWKDYHFRQWLQXHGGXULQJWKHGHSRVLWLRQRI
6XEIDQ&EXWPXVWKDYHFHDVHGHYHQWXDOO\DOORZLQJWKHDFFRPPRGDWLRQVSDFHWREHILOOHGXS
DQGWKHVXEIDQWRPLJUDWHZHVWZDUGV$W1,2'36LWH8ZKHUHDWKLFNKHPLSHODJLF
OD\HUFRYHUVWKHWLPHIURPa0DWKH(ULGJHPXVWKDYHEHHQXSOLIWHGVLJQLILFDQWO\
HDUOLHULQRUGHUWRFUHDWHWKHEDVLQILOOHGXSE\6XEIDQ%DQGHYHQROGHUVHGLPHQWVClemens 
et al., 2016Fig. 4.8
:KLOHWKHIRUPDWLRQDQGDUFKLWHFWXUHRIWKH(5LGJHDQGWKH1LQHW\HDVW5LGJHGXULQJWKH
QRUWKZDUGVPRYHPHQWRIWKH,QGLDQ3ODWHKDYHEHHQLQWHQVLYHO\VWXGLHGHJKrishna et al., 
2009; Bastia et al., 2010a; Ismaiel et al., 2017OLWWOHLVNQRZQDERXWWKHPRUHUHFHQWWHFWRQLF
DFWLYLW\+RZHYHUVHYHUDOIDXOWVDERYHERWKULGJHVDUHYLVLEOHLQWKHVHLVPLFGDWDUHDFKLQJLQWR
WKH3OHLVWRFHQHVHGLPHQWV)XUWKHUPRUHSchwenk and Spieß, 2009IRXQGHYLGHQFHIRU3OLR
FHQHDQG3OHLVWRFHQHXSOLIWRIERWKULGJHVDW1E\VKRZLQJWKDWVHGLPHQWDWLRQUDWHVDERYH
ERWKULGJHVDUHORZHUFRPSDUHGWRWKHEDVLQLQEHWZHHQDQGWKDWWKHYDULDQFHLVORZHULQ0LR
FHQHWLPHVDQGKLJKHUGXULQJWKH3OLRFHQHDQG3OHLVWRFHQH7KH\FRQQHFWHGWKHXSOLIWHYHQWV
ZLWKWKHHYHQWVRILQWUDSODWHGHIRUPDWLRQLQWKH&HQWUDO,QGLDQ2FHDQKrishna et al. 2001b
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Local depocenter shifting 
2XUGDWDSURYLGHQHDUO\IXOOFRYHUDJHRIWKHHYROXWLRQRI6XEIDQ&DW1GXULQJZKLFKLQWRWDO
&/6VUHDFKHG1&/6Figs. 4.5 and 4.68VLQJWKHWRWDOGXUDWLRQRI6XEIDQ&WKH
DYHUDJHOLIHWLPHIRU&/6VLVFDOFXODWHGWRaN\UV7KHVHFDOFXODWLRQVGRQRWLQFOXGHWKHDW
OHDVWVPDOODQGXQOHYHHGFKDQQHOVYLVLEOHLQWKH0&6GDWDFig. 4.5ZKLFKDUHEHOLHYHGWR
GHYHORSGXULQJ WKHGRZQIDQPLJUDWLRQRID&/6DV IHHGHUFKDQQHOZLWKLQ WKH WHUPLQDO OREH
Jegou et al., 2008, Picot et al., 2016&RQVLGHULQJWKDWWKHVHVPDOOFKDQQHOVUHSUHVHQW&/6
WHUPLQDWLQJIXUWKHUXSIDQWKHDYHUDJHOLIHWLPHRIWKH&/6VPXVWEHVKRUWHU7KHIDFWWKDW
PHWHUKLJKOHYHHVFDQEHEXLOWXSLQDYHU\VKRUWWLPHKDVSUHYLRXVO\EHHQVKRZQE\ZRUNRQ
WKH$FWLYH&KDQQHOUHYHDOLQJVHGLPHQWDWLRQUDWHVRIaPNDChapter 3
$JDLQWKH%HQJDO)DQUHVHPEOHVWKH&RQJR)DQZKHUH&/6VKDYHOLIHWLPHVRIN\UVDQG
DYXOVLRQLVVXVSHFWHGWREHFRQWUROOHGE\DQLQWHUSOD\RILQWHUQDODQGH[WHUQDOIRUFLQJSavoye 
et al., 2009; Picot et al., 20162QWKH$PD]RQ)DQ&/OLIHWLPHVDUHVKRUWHUN\UVDQG
FKDQQHODYXOVLRQLVDVVRFLDWHGZLWKVPDOOVFDOHVHDOHYHOYDULDWLRQVZLWKLQWKHJODFLDOLQWHUJOD
FLDOF\FOHPiper et al., 1997; Maslin et al., 2006, Jegou et al., 20087KHYDULDEOHVL]HRI&/6V
RQWKH%HQJDO)DQLPSOLHVXQHTXDOO\ORQJOLIHWLPHVUDWKHUWKDQDUHJXODUVXFFHVVLRQ7KLVVXJ
JHVWVDXWRF\FOLFSURFHVVHVVXFKDVXSIDQDYXOVLRQVDVPDLQFRQWURORQWKH&/6OLIHWLPHVDQG
QRWF\FOLFWULJJHUVXFKDVVHDOHYHOYDULDWLRQV+RZHYHUWRIXOO\XQGHUVWDQGLIVPDOOVFDOHVHD
OHYHOFKDQJHVPLJKWKDYHEHHQDQLQIOXHQFHRQFKDQQHODYXOVLRQVPRUHDFFXUDWHFRQWURORQ
&/6DJHVLVUHTXLUHG

2QHRIWKHVWULNLQJILQGLQJVRQ3URILOH*HR%LVDSURPLQHQWVHJPHQWRINP
ZLGWKODFNLQJ&/6VFig. 4.5EHWZHHQ6LWH8DQG87KLV&/6JDSKDVDOVREHHQ
REVHUYHGDWWKH620&6SURILOHVORFDWHGNPXSIDQFig. 4.3EXWQRWDWWKH0&6SURILOHV
DWDQG1Schwenk and Spieß, 2009LPSO\LQJWKHODFNRI&/6EHLQJDORFDOSKH
QRPHQRQ&XULRXVO\HQRXJKWKLVJDSFRLQFLGHVZLWKWKHWRGD\WRSRJUDSKLFDOO\ORZHVWSDUWRI
WKH03+/ZKHUHWXUELGLWLFGHSRVLWLRQUHVWDUWHGDIWHUWKH03+/Fig. 4.5NPa&/6
WHQGWRILOOVXFKWRSRJUDSKLFORZVEXWWKLVDFFRPPRGDWLRQVSDFHKDVEHHQILOOHGE\XQFKDQ
QHOL]HGWXUELGLWLFVHGLPHQWVRQO\7KHUHIRUHLWLVVXJJHVWHGWKDWGXULQJWKHGHSRVLWLRQRI6XEIDQ
&&/6VORFDWHGLQLWVFHQWHUGLGQRWSURJUDGHGRZQWR1,QVWHDGWKH\PXVWKDYHWHUPLQDWHG
XSIDQDQGRQO\WKHLUGHSRVLWLRQDOOREHVUHDFKHGWKHGULOOLQJWUDQVHFW6LQFHSURJUDGDWLRQGRZQ
IDQ LV DPDWWHU RI WLPH VXFK WLPHVSDQVPLJKW EH FKDUDFWHUL]HG E\PRUH IUHTXHQW DYXOVLRQ
HYHQWVOHDGLQJWRVKRUWHUOLIHWLPHVRI&/6V

4.4.2 Sand deposition 
$VGHVFULEHGLQ&KDSWHUDERXWRIWKHVHGLPHQWVUHDFKLQJ1DORQJ3URILOH*HR%
DUHGHSRVLWHGE\XQFKDQQHOL]HGWXUELGLWHV+$53VDVLQGLFDWHGE\WKHLURQODSSLQJ
QDWXUHDQGSUHVHUYDWLRQRIDQHDUO\IODWVXUIDFHVHDIORRU
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:KHUHVXFFHVVIXOO\UHFRYHUHGE\WKH,2'3GULOOLQJWKH+$53VDUHFRPSRVHGRIGRPL
QDQWO\ ILQHVDQGV WRFRDUVHVLOWV France-Lanord et al., 2016; Adhikari et al., in press7KH
UHIOHFWLRQSDWWHUQRI WKH+$53V LVFRQVLVWHQW WKURXJKRXW WKH0&6GDWDZKLOH WKH,2'3
VLWHVH[KLELWQXPHURXVGULOOLQJJDSV7KXVGULOOLQJJDSVZLWKLQWKH+$53VPRVWOLNHO\UHSUHVHQW
WKH ORVVRIVDQGGXULQJGULOOLQJ LPSO\LQJWKDW WKH+$53VFDQEHVLPLODUWRWKH$PD]RQ)DQ
Lopez, 2001FRQVLGHUHGDVVDQGWRFRDUVHVLOWGRPLQDWHGIDFLHV ,QWXUQ WKLV LPSOLHVWKDW
DERXWRIWKHPDWHULDODFFXPXODWHGDW1DWOHDVWVLQFHWKH03+/LVFRPSRVHGRIFRDUVH
VLOW WRILQHVDQG0RUHRYHU WKHDPRXQWRIVDQGPLJKWEHHYHQXQGHUHVWLPDWHGEHFDXVHWKH
VHGLPHQWVGHSRVLWHGRQWKHFKDQQHOIORRUVDQGZLWKLQDEDQGRQHGFKDQQHOVFDQFRQWDLQVLJ
QLILFDQWDPRXQWVRIVDQG
,QJHQHUDOWKHVDQGPXGUDWLRRIWXUELGLW\FXUUHQWVLQFUHDVHVGRZQIDQGXHWRWKHORVVRIWKH
VPDOOHUJUDLQVL]HVYLDRYHUVSLOO UHVXOWLQJ LQDQHW LQFUHDVH RI VDQGV WRZDUGV WKH IDQEDVH
Bouma, 2001; Posamentier and Kolla, 20037KXVWKHVDQGTXDQWLW\DW1PD\QRWEHIXOO\
UHSUHVHQWDWLYHIRUWKHHQWLUH%HQJDO)DQ6WLOOWKHDPRXQWRIVDQGGHSRVLWHGDW1LVVLJQLIL
FDQWO\KLJKHUWKDQWKHWKUHVKROGRIVHSDUDWLQJPXGULFKIURPPL[HGVDQGPXGV\VWHPV
Richards et al., 1998%HVLGHVQRWDOOFKDQQHOVGHYHORSLQJDWWKH%HQJDO)DQUHDFKDVIDU
VRXWKDV17KLVKDVEHHQGHPRQVWUDWHGE\WKHPDSSLQJRIVXUIDFHFKDQQHOVCurray et al., 
2003DQGE\ WKHKLJKDPRXQWRIXQOHYHHGGLVWULEXWDU\FKDQQHOVYLVLEOH LQ WKHVHLVPLFGDWD
&KDSWHU0RUHRYHUOREHVGHYHORSQRWRQO\DWWKHILQDOWHUPLQDWLRQRIDFKDQQHOEXWDOVR
YLDVXFFHVVLYHELIXUFDWLRQVGXULQJLWVGRZQIDQSURJUDGDWLRQPicot et al., 2016; Dennielou et 
al., 2017
2XUILQGLQJVRIDVLJQLILFDQWFRQWULEXWLRQRIVDQGWRWKH%HQJDO)DQLVIXUWKHUVXSSRUWHGE\WKH
VHGLPHQWVUHFRYHUHGDW,2'36LWH8DW17KHUHWKHWXUELGLWLFGRPLQDWHGSDUWRIWKH
3OHLVWRFHQHLVFRPSRVHGRIFOD\H\VLOW\DQGVDQG\WXUELGLWHVDQGDVDQGFRQWHQWRIDERXW
Clemens et al., 2016/LNHZLVHRWKHUµPXGULFK¶VXEPDULQHIDQVVHHPWRFRQWDLQPRUHVDQG
WKDQH[SHFWHGPirmez et al., 1997GLVFXVVWKHH[LVWHQFHRIPDVVLYHVDQGSDFNDJHVRQPLGGOH
DQGORZHU$PD]RQ)DQPDQG!PWKLFNQHVVUHVSHFWLYHO\
7KHVDQGZLWKLQ6XEIDQ&KDVDQDYHUDJHGHSRVLWLRQUDWHRIaFPNDPD[WKLFNQHVV
PGXUDWLRQ6XEIDQ&aNDDQGVHHPVWREHGHOLYHUHGDOPRVWFRQVWDQWO\WR1GXULQJ
WKHVXEIDQ¶VDFWLYHSKDVHRIPRUHWKDQND,QJHQHUDOWKHVDQGUHFRYHUHGLQWKH,2'3
([SHGLWLRQLVFKDUDFWHUL]HGE\WKHVDPHJUDLQVL]HUDQJHWKDQWKHVHGLPHQWWUDQVSRUWHG
WRGD\DVVXVSHQGHGORDGLQWKHEDVDOZDWHURIWKH*DQJHVDQG%UDKPDSXWUDULYHUVDQGLQWKHLU
EHGORDGLupker et al., 2011; Garzanti et al., 2010
$OOLQDOORXUREVHUYDWLRQVQRWRQO\GHPRQVWUDWHWKHGRPLQDQFHRIXQFRQILQHGVHGLPHQWDWLRQ
WRWKH%HQJDO)DQDUFKLWHFWXUHEXW IXUWKHUVXJJHVWWKDWWKHVDQGFRQWHQW LQ ODUJHPXGULFK
VXEPDULQHIDQVPLJKWEHVLJQLILFDQWO\KLJKHUWKDQSXEOLVKHGLQJHQHUDOL]HGPRGHOV0RUHRYHU
LWHPSDWKL]HVWKHNH\UROHRIXQGHUVWDQGLQJWKHVDQGGHSRVLWLRQLQRUGHUWROLQNVHGLPHQWDU\
IOX[HVWRWKH%HQJDO)DQZLWKWHFWRQLFRUFOLPDWHHYHQWVIURPWKHVRXUFHDUHD
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4.5 Summary and Conclusions 
7KLVVWXG\XWLOL]HGPXOWLFKDQQHOVHLVPLFGDWD IURP WKH ORZHU%HQJDO)DQ LQ LQWHJUDWLRQZLWK
,2'3([SHGLWLRQGULOOLQJUHVXOWVLQRUGHUWRLQYHVWLJDWHWKHUHODWLYHVWUDWLJUDSK\DQGGHSR
VLWLRQDORQJWKHGULOOLQJWUDQVHFWDW16HGLPHQWDWLRQLQWKHVWXG\DUHDLVFKDUDFWHUL]HGE\
WXUELGLWLFIDQVHGLPHQWDWLRQYLD&/6VDQGXQFKDQQHOL]HGWXUELGLW\FXUUHQWVDQGUHJLRQDOKHPL
SHODJLFGHSRVLWLRQ7XUELGLWLFGHSRVLWLRQJRYHUQVSDUWVRI WKH%HQJDO)DQ IRUPLQJVRFDOOHG
VXEIDQVZKLOHKHPLSHODJLFGHSRVLWLRQGRPLQDWHVVLPXOWDQHRXVO\LQWKHUHPDLQLQJIDQDUHDFUH
DWLQJOD\HUXSWR!PWKLFNQHVV6LQFHWKH0LGGOH3OHLVWRFHQHWKHWKUHHVXEIDQV%
0D&0DDQG'0DUHFHQWDQGWZRKHPLSHODJLFOD\HUV0LG3OHLVWRFHQH
+HPLSHODJLF/D\HU03+/0DWeber and Reilly, 2018DQG/DWH3OHLVWRFHQH+HP
LSHODJLF/D\HU/3+/0DUHFHQWWeber et al., 2018KDYHEHHQIRUPHGLQWKH%HQJDO
)DQ7KHORFDWLRQRIWKHVXEIDQVDOWHUQDWHVEHWZHHQWKHZHVWHUQDQGWKHHDVWHUQIDQILOOLQJXS
DYDLODEOHDFFRPPRGDWLRQVSDFHSRWHQWLDOO\FUHDWHGE\WKHXSOLIWRIWKH(5LGJHDQG1LQH
W\HDVW5LGJHGXULQJ3OHLVWRFHQHWLPHV7KH/3+/DQGWKH03+/UHSUHVHQWWKHKHPLSHODJLF
HTXLYDOHQWVWRWKHVXEIDQV%DQG'UHVSHFWLYHO\7KHWUDQVLWLRQIURPRQHVXEIDQWRDQRWKHU
GRHVQRWFRUUHODWHZLWKJODFLDOLQWHUJODFLDOF\FOHVEXWLVFRQWUROOHGE\DYDLODEOHDFFRPPRGDWLRQ
VSDFHDQGRUFKDQJHVLQWKHVXSSO\LQJFDQ\RQDVVXJJHVWHGE\Curray et al., 2003. 
$ERYHWKH03+/WKHVHGLPHQWVLQWKHVWXG\DUHDDUHFRQVWUXFWHGRI&/6VDQGQXPHURXV
XQOHYHHGFKDQQHOVFRPSRVLQJRIWKHWRWDOVHGLPHQWVGHSRVLWHG7KHDYHUDJHOLIHWLPHRI
&/6VGXULQJWKHGHSRVLWLRQRIVXEIDQ&ZDVaND+RZHYHUWKHYDULDEOHVL]HRI&/6VLQWKH
VWXG\DUHDLQGLFDWHVDUDQGRPGLVWULEXWLRQRIWKHPDWXULW\RILQGLYLGXDOV\VWHPVZKLFKLQWXUQ
VXJJHVWVDXWRF\FOLFSURFHVVHVVXFKDVXSIDQDYXOVLRQVDVPDLQFRQWURORQWKH&/6OLIHWLPHV
7KH&/6VDUHLQWHUFDODWHGE\VHGLPHQWV+$53VFRPSRVHGRIVDQGVZLWKPLQRUDPRXQWVRI
VLOWVDQGFOD\VGHSRVLWHGIURPXQFKDQQHOL]HGWXUELGLW\FXUUHQWV7KHXQFKDQQHOL]HGWXUELGLWLF
VHGLPHQWVFRPSRVHaRIWKHWRWDOVHGLPHQWYROXPH7KLVGHPRQVWUDWHVWKHGRPLQDQFHRI
XQFKDQQHOL]HGVHGLPHQWDWLRQWRWKHIDQDUFKLWHFWXUHDQGIXUWKHUVKRZVWKDWWKHVDQGFRQWHQW
LQ ODUJHVXEPDULQHIDQVPLJKWEHKLJKHUWKDQH[SHFWHG7KHFKDQQHOOHYHHVWDFNLQJSDWWHUQ
GHYHORSHGDQGSUHVHQWHGLQWKLVVWXG\HQDEOHVWKHFRPSDULVRQDQGFRUUHODWLRQRIWKHVHYHQ
,2'3([SHGLWLRQGULOOVLWHVRQDUHODWLYHVWUDWLJUDSK\

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Chapter 5 
5 Increased sediment flux to the lower Bengal Fan during the 
Middle Pleistocene – Internal and external controls 



)HQQD%HUJPDQQ%UHQGDQ5HLOO\7LOPDQQ6FKZHQN9RONKDUG6SLHVV&KULVWLDQ)UDQFH/D
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&ROOHJHRI(DUWK2FHDQDQG$WPRVSKHULF6FLHQFHV2UHJRQ6WDWH8QLYHUVLW\&RUYDOOLV25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&HQWUHGH5HFKHUFKHV3pWURJUDSKLTXHVHW*pRFKLPLTXHV&1568QLYHUVLWpGH/RUUDLQH%39DQ
GRHXYUHOHV1DQF\)UDQFH


Abstract 
7KH%HQJDO)DQ UHFRUGV WKHHURVLRQRI WKHFHQWUDO+LPDOD\DDQG7LEHWDQ3ODWHDXVLQFH LWV
LQLWLDWLRQLQWKH(DUO\(RFHQH+LJKUHVROXWLRQPXOWLFKDQQHOVHLVPLFGDWDZHUHFRUUHODWHGZLWK
,2'3([SHGLWLRQGULOOLQJUHVXOWVDQGLQWHJUDWHGZLWKDV\VWHPVSHFLILFDJHGHSWKPRGHO
7KLVDOORZVDQLPSRUWDQWDGYDQFHLQWKHWUDQVHFWVVWUDWLJUDSK\DQGSURYLGHVQRYHOLQVLJKWVLQWR
WKH UHJLRQDO GHSRVLWLRQ RI KHPLSHODJLF VHGLPHQWV DQG WKH YDULDWLRQV LQ DFFXPXODWLRQ UDWHV
VLQFH WKH0LGGOH3OHLVWRFHQH$FFXPXODWLRQ UDWHV DQG RYHUDOO VHGLPHQW ORDG LQFUHDVH FRQ
VWDQWO\ LQ WKH WLPH LQWHUYDO IURPa0D LQGHSHQGHQWO\ IURPVHD OHYHOYDULDWLRQV ,Q
VWHDGWKHLQFUHDVLQJLQSXWVHHPVWRUHIOHFWGHQXGDWLRQUDWHFKDQJHVLQWKHVRXUFHDUHDZKLFK
PD\EHOLQNHGWRFOLPDWHYDULDELOLW\)DQVHGLPHQWDWLRQLQWKHWLPHEHWZHHQ0DZDV
LQWHUUXSWHGWKUHHWLPHVE\WKHGHSRVLWLRQRIUHJLRQDOO\H[WHQGLQJKHPLSHODJLFOD\HUV$JDLQQR
V\VWHPDWLF OLQNWRVHDOHYHOYDULDWLRQVKDVEHHQREVHUYHG7KLV LPSOLHVWKDW WKH%HQJDO)DQ
EHKDYHVFRQWUDGLFWRU\WRWKHJHQHUDOXQGHUVWDQGLQJRIVXEPDULQHIDQVEHLQJVWDUYHGLQWLPHV
RIVHDOHYHOKLJKVWDQGV ,W IXUWKHU LPSOLHVDFRQVWDQWVHGLPHQWGHOLYHU\ WR WKH IDQVLQFH WKH
0LGGOH3OHLVWRFHQH


5.1 Introduction 
7KH%HQJDO)DQ LV WKHPRVWFRPSOHWHVHGLPHQWDU\ UHFRUGRI+LPDOD\DQXSOLIWHURVLRQDQG
ZHDWKHULQJKLVWRU\2YHUWKHODVWGHFDGHVWKHIDQKDVEHHQWKHWDUJHWRIQXPHURXVGHHSGULOO
LQJFDPSDLJQVHJ'6'3Von der Borch et al., 19742'3Cochran, 1990,2'3
Clemens et al., 2016,2'3France-Lanord et al., 2016DQGPXOWLFKDQQHOVHLVPLF
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VXUYH\VHJ596RQQHFUXLVHV62DQGKudrass et al., 1994; Spieß et al., 1998, 
20067KHVHGLPHQWDU\DQGJHRSK\VLFDOUHFRUGVDFTXLUHGGXULQJWKHVHH[SHGLWLRQVKDYHEHHQ
XVHGLQYDULRXVVWXGLHVWROHDUQPRUHDERXWWKHVRXUFHWRVLQNV\VWHPLQFOXGLQJWKHFOLPDWH
WHFWRQLFLQWHUDFWLRQVRIWKHVRXUFHDUHDDQGWKH%HQJDO)DQ¶VUROHLQWKHJOREDOFDUERQF\FOH
HJDerry and France-Lanord, 1996, 1997; Galy et al., 2010; Hein et al., 2017+RZHYHU
ZRUNLQJZLWKGDWDIURPWKH%HQJDO)DQLVFKDOOHQJLQJGXHWRLWVVL]HDQGFRPSOH[LW\6HGLPHQW
WUDQVSRUWHGWRWKHIDQPDLQO\YLD*DQJHVDQG%UDKPDSXWUDKDVWRE\SDVVWKHIORRGSODLQVWKH
GHOWDDQGWKHFRQWLQHQWDOVKHOIEHIRUHUHDFKLQJWKH%HQJDO)DQLWVHOIFig. 5.17KH%HQJDO
)DQLVFKDUDFWHUL]HGE\ODWHUDOGHSRFHQWHUPLJUDWLRQRIWHQRYHUGLVWDQFHVH[FHHGLQJNP
Curray et al., 2003; Schwenk and Spieß, 2009; France-Lanord et al., 2016; Chapter 4



Figure 5.1: Overview map of the Bengal Fan (blue stippled line). Yellow shaded area: Subfan C 
deposition after Chapter 4. Black lines: Surface channels associated with Subfan C; red line: young-
est channel-levee system (Active Channel), formed after the abandonment of Subfan C. Surface 
channels after Curray et al., (2003). Multichannel seismic Profile GeoB97-020+27 at 8°N, crossing 
all IODP Expedition 354 drill sites, marked in red. Tectonic features and fan outline are redrawn 
after Curray et al., 2003; Bastia et al., 2010a, b; Choudhuri et al., 2014; McNeill et al., 2017a. 
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7KHVHGHSRVLWLRQDOFKDUDFWHULVWLFVUHVXOWLQGLVFRQWLQXRXVUHFRUGVDWDJLYHQORFDWLRQ7KHUH
IRUHVHYHQVLWHVZHUHGULOOHGGXULQJ,2'3([SHGLWLRQLQZKLFKZHUHDOLJQHGRQD
ZHVWHDVW WUDQVHFWFigs. 5.1 and 5.2 WRSURYLGHDQHDUO\FRQWLQXRXVVHGLPHQWDU\UHFRUGRI
3OHLVWRFHQHWLPHVFrance-Lanord et al., 2016'HWHUPLQLQJDKLJKUHVROXWLRQFKURQRVWUDWLJUD
SK\RIWKHSUHGRPLQDQWO\WHUUHVWULDOVRXUFHGVHGLPHQWVUHPDLQVFKDOOHQJLQJ7KHUHIRUHReilly 
et al. (in prep GHYHORSHG D QRYHO FRUHVHLVPLF LQWHJUDWHG DJHGHSWKPRGHO IDFWRULQJ DJH
FRQVWUDLQWVOLWKRORJ\DQGVHLVPLFVWUDWLJUDSK\RIWKHGULOOLQJWUDQVHFW
,QWKLVVWXG\ZHLQWHJUDWHWKHVHLVPLFVWUDWLJUDSK\DQGWKHDJHPRGHOWRLPSURYHWKHFKURQRV
WUDWLJUDSK\DORQJWKHGULOOLQJWUDQVHFWDQGWRLQYHVWLJDWHUHFXUUHQFHUDWHVRIFKDQQHOOHYHHV\V
WHPV:HIXUWKHUH[DPLQHWKHUHJLRQDOGHSRVLWLRQRIKHPLSHODJLFVHGLPHQWVDQGWKHYDULDWLRQV
LQDFFXPXODWLRQDQGPDVVDFFXPXODWLRQUDWHVGXULQJWKH0LGGOH3OHLVWRFHQHDQGWKHLUSRWHQWLDO
OLQNDJHWRVHDOHYHODQGFOLPDWHYDULDELOLW\7KLVZRUNLVEDVHGRQWKHVHLVPLFVWUDWLJUDSK\DORQJ
WKH,2'3([SHGLWLRQGULOOLQJWUDQVHFWSUHVHQWHGE\Chapter 4DQGWKHFRUHVHLVPLFLQWH
JUDWHGDJHPRGHOGHVLJQHGE\Reilly et al. (in prep

5.1.1 The Bengal Fan – Regional setting 
7KH%HQJDO)DQLVVLWXDWHGLQWKH,QGLDQ2FHDQDQGH[WHQGVIRU!NPIURPWKHVKHOIRI
,QGLDDQG%DQJODGHVKVRXWKZDUGV7KHIDQKDVUHFHLYHG+LPDOD\DQVHGLPHQWVLQFHLWVLQLWLD
WLRQLQWKH(DUO\(RFHQHDIWHUWKHFROOLVLRQRIWKH,QGLDQDQG(XUDVLDQSODWHDQGWKHVXEVHTXHQW
XSOLIWRIWKH+LPDOD\DDQG7LEHWDQ3ODWHDXCurray et al., 2003; Gibbons et al., 20157RGD\
HURGHG+LPDOD\DQPDWHULDOLVWUDQVSRUWHGWRWKH%HQJDO6KHOIYLDWKHPDMRUULYHUV*DQJHVDQG
%UDKPDSXWUD$IWHUEHLQJUHOHDVHGWRWKHRFHDQVHGLPHQWE\SDVVHVWKHVKHOIDQGLVWHPSR
UDULO\VWRUHGLQWKHSwatch of No Ground 6R1*DFDQ\RQLQFLVHGLQWRWKHVKHOIaNPZHVW
RIWKH*DQJHV%UDKPDSXWUDGHOWD6HGLPHQWLVHSLVRGLFDOO\UHOHDVHGRXWRIWKHFDQ\RQWRWKH
IDQYLDWXUELGLW\FXUUHQWVWKHUHE\PDLQWDLQLQJIDQDFWLYLW\HYHQGXULQJWKH+RORFHQH+LJKVWDQG
DORQJWKH$FWLYH&KDQQHOFig. 5.1Kuehl et al., 1989; Weber et al., 1997, Michels et al., 2003;
Hein et al., 2017
6HGLPHQWVGHSRVLWHGLQWKH%HQJDO)DQDUHGRPLQDQWO\WXUELGLWLFWUDQVSRUWHGE\WZRPDLQSUR
FHVVHV 6HGLPHQWV GHSRVLWHG VLQFH IDQ LQLWLDWLRQ XQWLO WKH 0LRFHQH DUH FKDUDFWHUL]HG E\
VKHHWHGWXUELGLWHVSchwenk and Spieß, 2009; Krishna et al., 20166LQFHWKH/DWH0LRFHQH
WKHVKHHWHGWXUELGLWHVDUHIUHTXHQWO\LQWHUFDODWHGZLWKFKDQQHOOHYHHV\VWHPV&/6VCurray 
et al., 2003; Schwenk and Spieß, 20097KH&/6VDUHFKDUDFWHUL]HGE\FOD\H\VLOW\ OHYHHV
DQGVDQGVDWWKHFKDQQHOEDVHZKLOHWKHVKHHWHGWXUELGLWHVFRQWDLQPRVWO\VDQGSchwenk et 
al., 2005; France-Lanord et al., 2016; Chapter 4'HSRVLWLRQRQ WKH%HQJDO)DQ LV IXUWKHU
FKDUDFWHUL]HGE\ODWHUDOPLJUDWLRQRQWZRGLIIHUHQWVFDOHV2QWLPHVFDOHVRIaNDIDQ
VHGLPHQWDWLRQZDVRUJDQL]HGLQVXEIDQVJRYHUQLQJRQO\SDUWVRIWKH%HQJDO)DQZKLOHWKHDG
MDFHQWDUHDVZHUHGUDSHGE\KHPLSHODJLFVHGLPHQWVCurray et al., 2003; Chapter 46XEIDQ
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SRVLWLRQVZHUHFRQWUROOHGE\WKHORFDWLRQRIWKHIHHGLQJFDQ\RQRQWKHVKHOIDQGWKHWZRDVHLV
PLFULGJHV(5LGJHDQG1LQHW\HDVW5LGJHHPSODFHGGXULQJWKHQRUWKZDUGVMRXUQH\RIWKH
,QGLDQSODWHGopala Rao et al., 1997; Krishna et al., 2001a; Curray et al., 2003; Bastia et al., 
2010b; Chapter 47KHWZRULGJHVDFWHGDVWRSRJUDSKLFEDUULHUFRQVWUDLQLQJIDQVHGLPHQWDWLRQ
6LQFHWKH0LGGOH3OHLVWRFHQHIRXULQGLYLGXDOVXEIDQVVXEIDQV$%&'KDYHEHHQLGHQWLILHG
DOWHUQDWHO\RFFXS\LQJWKHZHVWHUQDQGHDVWHUQ%HQJDO)DQCurray et al., 2003; Chapter 42Q
VKRUWHU WLPHVFDOHV IDQVHGLPHQWDWLRQPLJUDWHG ODWHUDOO\YLDFKDQQHODYXOVLRQCurray et al., 
2003; Schwenk and Spieß, 2009,QRXUVWXG\DUHDDW1FKDQQHODYXOVLRQRFFXUUHGRQDY
HUDJHHYHU\N\UVDQGWKHODWHUDOGLVWDQFHEHWZHHQWZR&/6VFDQH[FHHGNPChap-
ter 4

5.1.2 The Bengal Fan - Chrono- and Seismic Stratigraphy 
IODP Expedition 354 stratigraphy 
'XULQJ,2'3([SHGLWLRQDVHYHQVLWH:(WUDQVHFWDW16LWHV88ZDVGULOOHG
DWWKHORZHU%HQJDO)DQ6HGLPHQWVUHFRYHUHGDWWKHVHYHQVLWHVDUHGRPLQDWHGE\WHUUHVWULDO
VDQGVDQGVLOWVLUUHJXODUO\LQWHUFDODWHGZLWKPRUHKHPLSHODJLFGRPLQDWHGPDWHULDOFDOFDUHRXV
FOD\Fig. 5.2France-Lanord et al., 20167KHGULOOLQJIXUWKHUUHYHDOHGWKHH[LVWHQFHRIWZR
WKLFN KHPLSHODJLF OD\HUV WKH0LGGOH DQG /DWH 3OHLVWRFHQH +HPLSHODJLF /D\HU 03+/ DQG
/3+/Fig. 5.22YHUDOOWKH03+/ODVWHGIURPDERXW0DXQWLO0DWeber and Reilly, 
2018+RZHYHUWKHWRSRIWKH03+/LVFOHDUO\DV\QFKURQRXV,WLVROGHVWLQWKHFHQWUDOGULOOLQJ
WUDQVHFWVLWHV888DSSUR[LPDWHO\0,6DQG\RXQJHVWLQWKHIDUHDVW
RI WKHGULOOLQJWUDQVHFW6LWH8DSSUR[LPDWHO\0,6Weber and Reilly, 20187KH
/3+/LWVEDVHOLNHZLVHEHLQJDV\QFKURQRXVKDGLWVRQVHWDURXQG0DFrance-Lanord et 
al., 2016; Weber et al., 2018Weber and Reilly, 2018IXUWKHUGLVFHUQWKHWHUUHVWULDOVHGLPHQW
VHFWLRQEHWZHHQWKH03+/DQGWKH/3+/LQWRWZRWHPSRUDOO\RYHUODSSLQJXQLWV$PL[HGKHP
LSHODJLFWXUELGLWLFXQLWa0,6DQGDWXUELGLWLFGRPLQDWHGXQLWa0,6±a0,6

Seismic stratigraphy 
3ULRUWR,2'3([SHGLWLRQSchwenk and Spieß (2009)LQYHVWLJDWHGWKHVHLVPLFVWUDWLJUDSK\
DORQJ WKH GULOOLQJ WUDQVHFW 7KH\ EDVHG WKHLU ZRUN RQ WKHPXOWLFKDQQHO VHLVPLF 0&6 OLQH
*HR%UHFRUGHGLQ:(GLUHFWLRQDW1Fig. 5.17KLV0&6SURILOHLVaNPORQJ
DQGFURVVHVDOOVHYHQ,2'3([SHGLWLRQVLWHV888WLOL]LQJWKHQHZLQVLJKWV
JDLQHGE\,2'3([SGULOOLQJ,Q Chapter 4ZHUHYLVHGWKHVHLVPLFVWUDWLJUDSK\RI3URILOH
*HR%2QWKHEDVLVRIWKHZRUNRICurray et al. (2003), Schwenk and Spieß (2009),
DQGChapter 4WKHVHLVPLFVWUDWLJUDSK\DW1IRUWKHKHUHUHOHYDQWXSSHUPFDQEHVXP
PDUL]HGDVIROORZV
7KH0LGGOH3OHLVWRFHQH+HPLSHODJLF/D\HU03+/DQG6XEIDQ&0DH[WHQGRYHU
ODUJHSDUWVRIRXUVWXG\DUHDFig. 5.36XEIDQ'DQGWKH/DWH3OHLVWRFHQH+HPLSHODJLF/D\HU
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/3+/GHSRVLWHGFRQFXUUHQWO\0D±UHFHQWRFFXURQO\LQWKHZHVWHUQDQGHDVWHUQSDUW
RIWKHSURILOHUHVSHFWLYHO\Figs. 5.3 and 5.47KHIDQVHGLPHQWVRIVXEIDQV&DQG'FRQVLVW
RIaVKHHWHG WXUELGLWHVZKLFKDUHFRPSRVHGSUHGRPLQDQWO\RIVDQG\PDWHULDO7KH UH
PDLQLQJaFRQVLVWVRI&/6VFRPSRVHGRIFOD\H\VLOW\DQGVDQG\VHGLPHQWV7KH03+/
DQGWKH/3+/UHSUHVHQWUHJLRQDOO\H[WHQGLQJKHPLSHODJLFGHSRVLWLRQDWWLPHVZKHQDFWLYHIDQ
VHGLPHQWDWLRQZDVIRFXVHGRQRWKHUIDQDUHDV



Figure 5.2: Lithostratigraphic summary of the upper 200 m of cores drilled during IODP Expedition 
354. Only lithologies that constitute >10% of the core are included (modified after France-Lanord 
et al., 2016). LPHL= Late Pleistocene Hemipelagic Layer. MPHL=Middle Pleistocene Hemipelagic 
Layer. BAR1-3: Brunhes-aged Reflectors representing thin hemipelagic layers. Gray shaded area: 
Subfan C sediments. For locations of cores see Figs. 5.1, 5.3. 

Core-Seismic integrated age model 
Reilly et al. (in prep)GHVLJQHGDV\VWHPVSHFLILFDJHGHSWKPRGHOIRUWKHVHYHQ,2'3([SHGL
WLRQGULOOVLWHVXVLQJD%D\HVLDQDSSURDFKWKDWUHVSHFWVWKHODZRIVXSHUSRVLWLRQ7KHPRGHO
IDFWRUVWKHNQRZQDJHFRQVWUDLQWVRIDVKOD\HUV<RXQJHVW7RED7HSKUD<772OGHVW7RED
7HSKUD277Mark et al., 2017ELRVWUDWLJUDSK\Emiliania huxleyiILUVWRFFXUUHQFHGradstein 
et al., 2012DQGPDJQHWRVWUDWLJUDSK\0DWX\DPD%UXQKHV0DJQHWLF5HYHUVDO-DUDPLOOR6XE
FKURQDQG&REE0RXQWDLQ6XEFKURQChannell et al., 2016 ,W IXUWKHU LQFRUSRUDWHVYDULDEOH
VHGLPHQWDWLRQUDWHVIRUIDQVHGLPHQWDWLRQDQGKHPLSHODJLFVHGLPHQWDWLRQ0RUHRYHULWXVHV
WKHVHLVPLFGDWDLQWHUPVRIUHODWLYHVWUDWLJUDSK\RIWKHFKDQQHOOHYHHV\VWHPVDQGUHJLRQDOO\
H[WHQGLQJUHIOHFWRUVChapter 4
7KHDJHPRGHORIReilly et al. (in prep)RXWSXWVDJHVIRUWKHODVW0D0LGGOH3OHLVWRFHQH
SUHVHQW IRUDOO VHYHQ ,2'3([SHGLWLRQVLWHV ,W IXUWKHUSURYHG WKDW WKH WKUHH UHJLRQDOO\
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H[WHQGLQJ UHIOHFWRUV%$5%$5DQG%$5 LQWHUFDODWHG LQWR WKHVHGLPHQWVRI6XEIDQ&
FRUUHODWHZLWKFDOFDUHRXVFOD\VHGLPHQWVFrance-Lanord et al., 2016; Reilly et al. (in prep
0RUHRYHUReilly et al. (in prepPHDVXUHGPDJQHWLFVXVFHSWLELOLW\ 06DQGVFDQQLQJ;5)
&D7LUDWLRVWRGLVWLQJXLVKKHPLSHODJLFORZ06KLJK&D7LDQGIDQVHGLPHQWVKLJK06ORZ
&D7L:LWKLQKHPLSHODJLFVHGLPHQWVVHGLPHQWOLJKWQHVV/FDQEHXVHGWRLGHQWLI\RUELWDO
VFDOHYDULDWLRQVZLWK/KLJKVJHQHUDOO\FRUUHVSRQGLQJWRLQWHUJODFLDOLQWHUVWDGLDOWLPHVWeber 
et al., 2018; Weber and Reilly, 2018$W6LWH8%$5FRUUHODWHVZLWKDaFP WKLFN
FDOFDUHRXVFOD\OD\HU+RZHYHURQO\WKHXSSHUFPRIWKLVOD\HUDUHFOHDUO\RIKHPLSHODJLF
RULJLQULFKLQQDQQRIRVVLOVKLJK&D7LORZ06DQGKDYHEHHQGHSRVLWHGGXULQJWKHWUDQVLWLRQ
IURPDJODFLDOWRDQLQWHUJODFLDOVLJQDOORZYVKLJK/Reilly et al. (in prep

5.2 Data and Methods 
5.2.1Multichannel seismic data 
3URILOH*HR%KDVEHHQDFTXLUHGGXULQJWKHUHVHDUFKFUXLVH62LQFDUULHG
RXWDVDSUHVLWHVXUYH\IRU,2'3([SHGLWLRQLQFRRSHUDWLRQZLWKWKH8QLYHUVLW\RI%UHPHQ
DQGWKH%*5+DQQRYHUSpieß et al., 1998)RUUHFRUGLQJDFKDQQHOVWUHDPHUFKDQQHO
VSDFLQJPDQGD[O*HQHUDWRU,QMHFWRU*,JXQZHUHXWLOL]HG7KHPDLQIUHTXHQF\
RIWKH0&6GDWDUDQJHVIURP+]UHVXOWLQJLQDYHUWLFDOUHVROXWLRQRIaP7KHSURILOH
XQGHUZHQWDIXOOPXOWLFKDQQHOVHLVPLFSURFHVVLQJLQFOXGLQJ&03ELQQLQJPLQOLQHELQVL]H
QRLVHUHGXFWLRQYHORFLW\DQDO\VLV102FRUUHFWLRQVWDFNLQJDQGWLPHPLJUDWLRQ
3URFHVVLQJDQGLQWHUSUHWDWLRQRIWKH0&6GDWDZHUHGRQHXVLQJWKHVRIWZDUHµ9LVWD6HLVPLF
'DWD3URFHVVLQJ¶DQGµ,+6.LQJGRP¶

5.2.2 Integration of datasets 
,2'3([SHGLWLRQFRUHVDQGWKHDJHPRGHORIReilly et al. (in prepZHUHOLQNHGZLWKWKH
0&6GDWDXVLQJFRQVWDQWVHLVPLFYHORFLWLHVRIaPVVLWHV88DQG8
aPVVLWHV8DQG8DQGaPVVLWHV8DQG8
&/6DJHVDUHHLWKHUGLUHFWO\GHULYHGIURPWKHDJHGHSWKPRGHORUGHULYHGYLDOLQHDULQWHUSROD
WLRQEHWZHHQWKHWZRFKURQRORJLFDOO\FORVHWPRGHOHGDJHV(UURUEDUVIRUWKHPRGHOHGDJHV
UHSUHVHQWWKHFRQILGHQFHLQWHUYDOZKLOHHUURUEDUVIRUWKHLQWHUSRODWHGDJHVUHSUHVHQW
WKHPD[LPXPDQGPLQLPXPHUURUIURPWKHFKURQRORJLFDOO\FORVHWPRGHOHGDJHV

5.2.3 Sedimentation/accumulation rates 
$FFXPXODWLRQUDWHVZHUHFDOFXODWHGDORQJWKHVHLVPLFSURILOHXVLQJWKHGHSWKVDQGDJHVRIWKH
WKUHH%$5OD\HUVTbl. 5.1DQGRI03+/DQG/3+/DIWHUWeber et al., 2018 and Weber and 
Reilly, 2018)RUWKHFRQYHUVLRQRIXQLW WKLFNQHVVIURPWZRZD\WUDYHOWLPH7:7LQWRPHWHU
DQG WKHQ LQWRDFFXPXODWLRQ UDWH Tbl. 5.2YHORFLWLHV IURP WKHFRUHVLWHV &KDSWHUKDYH
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EHHQOLQHDULQWHUSRODWHGDORQJWKHSURILOH0HDQ%$5DJHVZHUHFDOFXODWHGEDVHGRQWKHDJH
SUREDELOLW\GLVWULEXWLRQRIWKHWKUHHOD\HUVGHWHUPLQHGDW,2'3VLWHV88DQG8
E\DJHGHSWKPRGHOLQJReilly et al. (in prep WKHLUFig. 9DQGWKLVVWXG\Fig. 5.5/LPLWHG
UHFRYHU\DQGIHZHUDJHFRQWUROSRLQWVZLWKLQWKHVHGLPHQWUHFRYHUHGDW6LWH8UHVXOWLQ
ODUJHUDJHXQFHUWDLQWLHVDWWKLVVLWHIRUPRUHGHWDLOVHHFrance-Lanord et al., 2016DQGReilly 
et al. (in prep7KHUHIRUHZHH[FOXGHGDJHVGHWHUPLQHGIRU6LWH8IURPRXULQYHVWLJD
WLRQ
)RUWKHFDOFXODWLRQRIDFFXPXODWLRQUDWHV%$5OD\HUVKDYHEHHQOLQHDUO\LQWHUSRODWHGLQSODFHV
ZKHUH WKH\ZHUHHURGHGE\FKDQQHOOHYHHV\VWHPV&RPSDFWLRQRIVHGLPHQWVKDVDPLQRU
LQIOXHQFLQJ LQ WKHXSSHUPRI ,2'3([SHGLWLRQFRUHVFrance-Lanord et al., 2016
7KHUHIRUHDFFXPXODWLRQUDWHVKDYHQRWEHHQFRUUHFWHG IRUFRPSDFWLRQ$FFXPXODWLRQUDWHV
KDYH DOVR QRW EHHQ FRUUHFWHG IRU WKH GXUDWLRQ RI WKH KHPLSHODJLF OD\HUV %$5 &KDSWHU

0DVVDFFXPXODWLRQUDWHVIRULQGLYLGXDOVHLVPLFXQLWVKDYHEHHQFDOFXODWHGXVLQJDQDYHUDJH
GU\EXONGHQVLW\RIJFPñDYHUDJHGIRUDOOGU\EXONGHQVLW\PHDVXUHPHQWVWDNHQDWVLWHV
88DQG8LQWKHDFFRUGLQJGHSWKLQWHUYDOFrance-Lanord et al., 2016WKH'
FURVV VHFWLRQ RI HDFK XQLW H[WUDSRODWHG IRU  NP DORQJIDQ DQG WKH GXUDWLRQ RI HDFK XQLW
Tbl. 5.2

5.3 Results 
,QWKLVVHFWLRQZHSUHVHQWUHVXOWVGHULYHGIURP3URILOH*HR%ZLWKDIRFXVRQWKH
GHSRVLWLRQRI6XEIDQ&LQWKH0LGGOH3OHLVWRFHQHa0DDVGHILQHGLQChapter 4

5.3.1 Subfan C (~0.68-0.25 Ma) 
6XEIDQ&FRYHUVWKHHDVWHUQaNPRI3URILOH*HR%Figs. 5.3 and 5.4,WLVYHU
WLFDOO\ERXQGHGE\WKH03+/DWWKHERWWRPDQGWKH/3+/DWWKHWRSDQGFRQWDLQVFKDQQHO
OHYHHV\VWHPV1RFig. 5.3LQFOXGLQJWKHWKUHHVXUIDFHFKDQQHO((DQG(QDPLQJ
DIWHUCurray et al., 2003&/6VDUHUHSUHVHQWHGE\ORZDPSOLWXGHGLYHUJLQJUHIOHFWRUVOHYHHV
DFFRPSDQLHGE\QHDUO\ WUDQVSDUHQWDUHDVDQGKLJKDPSOLWXGHSDUDOOHO UHIOHFWLRQVZLWKLQROG
FKDQQHOVDVVKRZQE\Schwenk et al., 2005DQGLQChapter 4&/6VDUHLQWHUFDODWHGE\SDFN
DJHVRIPHGLXPWRKLJKDPSOLWXGHSDUDOOHOWRVXESDUDOOHOUHIOHFWLRQVWKHVRFDOOHG+LJK$P
SOLWXGHV5HIOHFWLRQ3DFNDJHV+$53VVHHSchwenk et al., 2005; Chapter 46XEIDQ&LVKRU
L]RQWDOO\VHSDUDWHG LQWR IRXUVXEXQLWV&&E\ WKUHH UHJLRQDOO\H[WHQGLQJ UHIOHFWRUV%$5
%$5DQG%$5%UXQKHV$JHG5HIOHFWRUVFig. 5.4VHHDOVRReilly et al. (in prep
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
Figure 5.3: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27. Bottom: Interpreted 
line drawing of Profile GeoB97-020+027 indicating channel-levee systems (CLSs) and their suc-
cession (numbered upsection). Highlighted in gray=Subfan C. Yellow CLSs belong to Subfan C, 
blue CLSs belong to Subfan D. LPHL= Late Pleistocene Hemipelagic Layer. E. Hux FO= First Oc-
currence Emiliania huxleyi. BAR1-3: Brunhes-Aged Reflectors. MPHL=Middle Pleistocene Hemi-
pelagic Layer. IODP Expedition 354 sites are marked by vertical black lines. For location see Fig. 
5.1. 
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
Figure 5.4: Top: Uninterpreted section of multichannel seismic Profile GeoB97-020+27 focusing on 
Subfan C deposits. Bottom: Interpreted line drawing indicating channel-levee systems (gray) and 
hemipelagic layer intercalated into Subfan C (BAR1-3). LPHL= Late Pleistocene Hemipelagic 
Layer. E.Hux FO= First Occurrence Emiliania huxleyi. MPHL=Middle Pleistocene Hemipelagic 
Layer. IODP Expedition 354 sites are marked by vertical black lines. For location see Fig. 5.1, 5.3. 

BAR1-3 – Regional Hemipelagic layer 
7KHWKUHH%$5UHIOHFWRUVILUVWLQWURGXFHGE\Reilly et al. (in prepDUHRIKLJKDPSOLWXGHDQG
FRQWLQXRXVWKURXJKRXWPRVWSDUWVRI6XEIDQ&%$5RQODSVWKH03+/LQWKHSUR[LPLW\RI6LWH
8 LQ WKHZHVWDQG LQEHWZHHQ6LWH8DQG8 LQ WKHHDVW DSSUR[DWNP
Fig. 5.4%$5 WHUPLQDWHVDJDLQVW WKH03+/aNPZHVWRI6LWH8DQGHDVWRI6LWH
8EHWZHHQDSSUR[NPFig. 5.4%$5RQODSVWKH03+/EHWZHHQ8DQG
8DQGEHWZHHQNPMXVWZHVWRI6LWH8Fig. 5.4:KHUHUHFRYHU\ZDVVXI
ILFLHQW WKH %$5 OD\HUV FRUUHODWH ZLWK OD\HUV RI FDOFDUHRXV FOD\ a P WKLFNQHVV
Tbl. 5.1DQGDUHWKHUHIRUHFRQVLGHUHGDVUHJLRQDOO\GHSRVLWHGKHPLSHODJLFOD\HUV
)ROORZLQJWKHDJHGHSWKPRGHOSUHVHQWHGE\Reilly et al. (in prepWKHPHDQDJHVRI%$5
FDOFXODWHGIURPWKHUHVXOWVRI6LWHV88DQG8DUHNDNDDQG
NDUHVSHFWLYHO\Tbl. 5.1&RPSDULVRQZLWKWKHJOREDOVHDOHYHOFXUYHFig. 5.5UHYHDOVWKDW
WKHDJHGLVWULEXWLRQRI%$5SHDNVDWVHD OHYHORI  WR PGXULQJ WLPHVRID UHODWLYHO\
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VWDEOHVHDOHYHODQGKDVDJRRGDJUHHPHQWDW6LWHV8DQG8%$5SHDNVDWDVHD
OHYHORIDERXWPGXULQJWLPHVRIVHDOHYHOIDOOFig. 5.5ODUJHO\GHILQHGE\WKHUHVXOWVIURP
6LWH8ZLWKJUHDWHUXQFHUWDLQW\DW6LWHV8DQG87KHDJHGLVWULEXWLRQRI%$5
SHDNVDWDVHDOHYHORIDERXWWRDWWLPHVRIUDSLGO\ULVLQJVHDOHYHOFig. 5.5ZKLFKLV
FRQVLVWHQWZLWKSK\VLFDOSURSHUW\REVHUYDWLRQVIURP6LWH8Reilly et al. (in prep




Figure 5.5: Sum age probability distribution of all observations of Brunhes Age Reflectors (BAR1 
(pink), BAR2 (yellow), and BAR3 (green)), calculated from all ages in the interval between the up-
permost and lowermost depth estimates based on seismic data (at IODP sites U1453, U1452 ad 
UI1449); after Reilly et al. (in prep.) The global sea level and marine isotope stage (MIS) numbers 
are included for comparison (Spratt and Lisiecki, 2016). Modified after Reilly et al. (in prep.).  

Subfan C - Subunits 
&a0D
6HLVPLF8QLW&Figs. 5.3 and 5.4LVWKHORZHUPRVWXQLWRI6XEIDQ&,WLVYHUWLFDOO\ERXQGHG
E\WKH03+/ERWWRPDQG%$5WRS7KHXQLWRQODSVWKH03+/DQGWHUPLQDWHVWRJHWKHUZLWK
%$5ZHVWRI6LWH8DQGEHWZHHQVLWHV8DQG8DWDSSUR[NPFigs. 5.3 
and 5.4&LVWKHRQO\VXEXQLWRI6XEIDQ&ZLWKRXWFKDQQHOOHYHHV\VWHPVLQFRUSRUDWHG7KH
XQLWODVWHGIRUaNDIURP0DTbl. 5.2

&a0D
6HLVPLF8QLW&Figs. 5.3 and 5.4GLUHFWO\RYHUOLHV8QLW&,WLVYHUWLFDOO\OLPLWHGE\%$5DQG
WKH03+/DW WKHERWWRPDQG%$5DW WKH WRS7KH8QLWVWUHWFKHVIXUWKHUHDVW WKDQ&DQG
WHUPLQDWHVDJDLQVW WKH03+/ZHVWRI6LWH8DWNPDQGQHDU6LWH8DSSUR[L
PDWHO\DWNP ,WHQFORVHV WKH WKUHH&/6V1RDQGDQGVHYHUDOVPDOOXQOHYHHG
FKDQQHOVFigs. 5.3 and 5.47KHXQLWODVWHGIRUaNDIURP0DTbl. 5.2

&a0D
8QLW&RYHUO\LQJ8QLW&Figs. 5.3 and 5.4LVFRQILQHGE\%$5DQGWKH03+/ERWWRP
DQG%$5WRS7KHXQLWH[WHQGVEH\RQG&DQGWHUPLQDWHVE\RQODSSLQJRQWRWKH03+/ZHVW
RI6LWH8EHWZHHQNPDQGZHVWRI6LWH8DWNPaFigs. 5.3 and 5.4
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&FRPSULVHV&/6V1RDVZHOODVVHYHUDOVPDOOXQOHYHHGFKDQQHOV7KHXQLWODVWHG
IRUaNDIURP0DTbl. 5.2

&a0D
8QLW&Fig. 5.4LVWKHXSSHUPRVWVXEXQLWRI6XEIDQ&DQGERXQGHGE\%$5DQGWKH03+/
DWWKHERWWRPDQGWKH/3+/DWWKHWRS,QWKHZHVW&WHUPLQDWHVDJDLQVWWKH03+/EHWZHHQ
VLWHV8DQG8 QHDUNPFig. 5.37KHHDVWHUQ WHUPLQDWLRQ LVQRW LPDJHGE\
3URILOH*HR%1RQHWKHOHVVWKHXQLWWKLQVRXWVLJQLILFDQWO\DWWKHHDVWHUQHQGRIWKH
SURILOHDQGLVVXVSHFWHGWRWHUPLQDWHDJDLQVWWKH1LQHW\HDVW5LGJHMXVWHDVWRXUVWXG\DUHD
8QLW&HQFORVHVQXPHURXVVPDOOFKDQQHOZLWKRXWOHYHHVDQG&/6V1R7KHXQLW
ODVWHGIRUaNDIURP0DTbl. 5.2



Table 5.1: Summary of BAR correlation with calcareous clay layers (CCL) at IODP Expedition 354 
drill sites (France-Lanord et al., 2016) and mean BAR-layer ages and the 97.5% confidence interval 
for all sites where the layer ages have been reliably modeled (ages after Reilly et al. (in prep.)). 
Note that age estimates for Site U1450 are excluded due to their large uncertainties. 

/D\HU 6LWH &RUUHODWLRQWR&&/LQFRUHV"
$JH>ND@ 0HDQDJH
>ND@  
%$5
8 1RFRUUHODWLRQVHGLPHQWGLVWXUEHGE\OREH   

8 'ULOOLQJJDS   
8 &RUH)aPWKLFN   
8 &RUH)aPaPWKLFN   
8 &RUH+aPWKLFN   
%$5
8 &RUH)aPWKLFN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
8 &RUH)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8 &RUH)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8 'ULOOLQJJDS   
8
1RFRUUHODWLRQVHGL
PHQWGLVWXUEHGE\
&/6VOREH
  
%$5
8 7RS03+/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   
8 &RUH)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  
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5.3.2 Accumulation rates 
$QDO\VLV RI WKLFNQHVV DQG WXUELGLWLF DFFXPXODWLRQ UDWHV RI VXEXQLWV && DORQJ 3URILOH
*HR%VKRZWKDWXQLW WKLFNQHVVDFFXPXODWLRQUDWHDQGODWHUDOVSUHDGLQJLQFUHDVH
FRQVWDQWO\IURP&WR&Fig. 5.6, Tbl. 5.2&LVWKHWKLQQHVWXQLWZLWKWKHORZHVWDFFXPXODWLRQ
UDWHPHDQDFFXPXODWLRQUDWHFPNDPD[LPXPDFFXPXODWLRQUDWHFPNDUHVWULFWHGWR
WKHFHQWUDOEDVLQEHWZHHQWKH(5LGJHDQG1LQHW\HDVW5LGJH&KDVDPHDQDFFXPXODWLRQ
UDWHRIFPNDSHDNLQJZLWKFPNDQHDUNPFig. 5.6GXHWRWKHLQFRUSRUDWHG&/6
1RFigs. 5.4 and 5.6/LNHZLVH&KDVDPHDQDFFXPXODWLRQUDWHRIFPNDDQGUHDFKHV
DPD[LPXPDFFXPXODWLRQUDWHRIFPND2YHUDOOWKHKLJKHVWPD[LPXPDFFXPXODWLRQUDWHV
FPNDDQGPHDQDFFXPXODWLRQUDWHVFPNDUDWHDVZHOODVPD[LPXPODWHUDOVSUHDG
LQJLVUHDFKHGLQ&
$OOWKUHH%$5OD\HUVKDYHEHHQUHFRYHUHGDW6LWH8)RUWKLVVLWHWKHDJHGHSWKPRGHORI
Reilly et al. (in prepRXWSXWVDPHGLDQKHPLSHODJLFDFFXPXODWLRQUDWHRIFPND&RQVLGHULQJ
WKHWKLFNQHVVRIHDFKOD\HUDW6LWH8WKHLUGXUDWLRQVDUHHVWLPDWHGWRND%$5ND
%$5DQGND%$5UHVSHFWLYHO\7KHDFFXPXODWLRQUDWHVGHVFULEHGLQWKLVFKDSWHUGR
QRWFRQVLGHUWKHGHSRVLWLRQRI%$5EHFDXVHWKHVHOD\HUVDUHWRRWKLQWREHUHVROYHGZLWK
RXU0&6GDWD+RZHYHUWKHGXUDWLRQRI%$5LVZLWKNDVKRUWFRPSDUHGWRWKHRYHUDOO
GXUDWLRQRI&&DQG&7KXV WKH LPSDFWRIVXEWUDFWLQJ%$5GHSRVLWLRQ WLPH IURPXQLW
GXUDWLRQLVPLQRUDQGZRXOGRQO\UHVXOWLQDQLQFUHDVHLQPHDQDFFXPXODWLRQUDWHRIOHVVWKDQ
FPND$QH[FHSWLRQLV&ZKLFKLVPRUHSURQHWRXQFHUWDLQWLHVGXHWRLWVVKRUWHUGXUDWLRQ
:KHQVXEWUDFWLQJWKHPD[LPXP%$5OD\HUGXUDWLRQNDIURPWKHGXUDWLRQRI&WKHPHDQ
DFFXPXODWLRQUDWHRI&ZRXOGLQFUHDVHIURPFPNDWRFPND
0DVVDFFXPXODWLRQUDWHVIRUWKHIRXUXQLWV&&Tbl. 5.2FDOFXODWHGIRUDYROXPHH[WUDSR
ODWHGIRUNPDORQJIDQDUH&0WND&0WND&0WND&0WND

Table 5.2: Summary of the four subunits of Subfan C including their bounding reflectors, ages, 
duration, mean accumulation rates, and mass accumulation rates (MAR). *MARs are calculated for 
a volume extrapolated 1 km along-fan. 

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7RS %RWWRP 'XUD
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5HIOHFWRU $JH>ND@ 5HIOHFWRU
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Figure 5.6: Top: Thicknesses of the four subunits C1-C4 along MCS Profile GeoB97-020+27. Bot-
tom: Accumulation rates of the four subunits C1-C4 along MCS Profile GeoB97-020+27. Where 
lines are stippled seafloor has been eroded by channel-levee systems and BAR layers have been 
linearly interpolated. 



5.3.3Migration and recurrence of channel-levee systems 
7KHDJHGHSWKPRGHORIReilly et al. (in prep)XVHGWKHUHODWLYHVXFFHVVLRQRIFKDQQHOOHYHH
V\VWHPVChapter 4DVUHODWLYHDJHFRQVWUDLQWV7KHILQDOPRGHORXWSXWVDEVROXWHDJHVSOXV
HUURUUDQJHIRUWKHOHYHHEDVHVRIDOOFKDQQHOOHYHHV\VWHPVGULOOHGDWWKH,2'3([SHGLWLRQ
VLWHVFigs. 5.3 and 5.7 
-XVWDIWHUWKHUHDSSHDUDQFHRIIDQVHGLPHQWDWLRQDORQJ3URILOH*HR%RQVHW6XEIDQ
&NDWKHUHFXUUHQFHUDWHRI&/6VLVORZ7KHROGHVWIRXU&/6DUHVHSDUDWHGE\aND
ZLWKRXW&/IRUPDWLRQ&KDQQHOUHFXUUHQFHUDWHLQFUHDVHVDIWHUa0DZLWKLQ8QLW&DQG
SHDNVEHWZHHQa0D8QLW&DQG&ZLWKDUHFXUUHQFHUDWHRINDDYHUDJHUH
FXUUHQFHUDWHaND&/6V1RIRUPHGEHWZHHQ0D7KH&/6VGHYHORSLQJ
DIWHUa0DUHFXUOHVVIUHTXHQW+RZHYHUWKLVWLPHVSDQLVQRWUHSUHVHQWDWLYHDVLWLV
SDUWRI6XEIDQ'ZKLFKLVQRWIXOO\FRYHUHGE\RXUGDWD
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
Figure 5.7: Absolute channel-levee ages vs. their lateral migration along MCS Profile GeoB97-
020+27 (see Fig. 3). Green diamonds: Ages modeled, after Reilly et al. (in prep.). Error bars repre-
sent the 97.5% confidence interval. Blue circles: Interpolated ages. Unfilled symbols: Ages modeled 
at Site U1450 where age uncertainties are larger. Age distributions of BAR1-3 (see Fig. 5) are 
plotted for orientation. LPHL: Late Pleistocene Hemipelagic Layer. MPHL: Middle Pleistocene Hem-
ipelagic Layer.  


5.4 Discussion 
5.4.1 Sea-level independent deposition of hemipelagic sediments at 8°N? 
7KH WKUHH %$5 OD\HUV DUH  DGGLWLRQDO VWUDWLJUDSKLF PDNHUV VLJQLILFDQWO\ LPSURYLQJ WKH
FKURQRVWUDWLJUDSK\RIWKHGULOOLQJWUDQVHFWDQGWKHVHLVPLFGDWDRQDaNDWLPHVFDOH,QWKH
FRQWH[WRIWKHVHLVPLFVWUDWLJUDSK\Fig. 5.3WKHDJHPRGHOSURYLGHGE\Reilly et al. (in prep),
Fig. 5.5DQGWKHDSSUR[LPDWHDJHRIWKHWRSRIWKH03+/DIWHUWeber and Reilly, 2018WKH
DJHVRIWKHWKUHH%$56OD\HUVFDQEHGLVFXVVHGDVIROORZV
%$5LVZLWKDPHDQDJHRIaNDWKHROGHVWRIWKHWKUHHOD\HUV7KHOD\HURQODSVWKH
03+/QHDU8DQG8ZKHUHWKH03+/ODVWHGDWOHDVWXQWLO0,67KLVILWVZHOO
ZLWKWKHDJHSUREDELOLW\GLVWULEXWLRQRI%$5Fig. 5.5SHDNLQJPLGZD\RI0,6$VLPLODU
DJUHHPHQWEHWZHHQWKHWKUHHGDWDVHWVH[LVWVIRU%$5DQG7KHLQWHUPHGLDWHOD\HU%$5
RQODSVWKH03+/HDVWRI6LWH8ZKHUHWKHWRSRIWKH03+/KDVEHHQGDWHGWRDSSUR[L
PDWHO\0,67KLVLVFRQVLVWHQWZLWKWKHRXWFRPHRIWKHDJHSUREDELOLW\GLVWULEXWLRQSHDNLQJ
LQWKHHDUO\0,6%$5LVEHVWFRQVWUDLQHG,WRQODSVWKH03+/QHDU6LWH8ZKHUHWKH
WRSRI WKH03+/VHHPVWREHDV\RXQJDV0,67KHDJHSUREDELOLW\GLVWULEXWLRQRI%$5
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
SHDNVDWWKHWUDQVLWLRQRI0,6WRZKLFKLVFRQILUPHGE\LWVSK\VLFDOSURSHUWLHVSODFLQJWKH
OD\HUDWDJODFLDOLQWHUJODFLDOWUDQVLWLRQReilly et al. (in prep
2QHLPSRUWDQWTXHVWLRQLVZKDWPLJKWKDYHWULJJHUHGWKHWHPSRUDODEVHQFHRIIDQVHGLPHQWD
WLRQDQGLQVWHDGUHVXOWLQJLQKHPLSHODJLFGHSRVLWLRQDWWKHORZHU%HQJDO)DQ
5HODWLYHVHDOHYHOYDULDWLRQVDUHFRQVLGHUHGDVRQHRI WKHPRVWFRPPRQIDFWRUVFRQWUROOLQJ
VHGLPHQWWUDQVIHUWRVXEPDULQHIDQV)DQVUHFHLYHPRVWVHGLPHQWGXULQJORZVWDQGVZKHQULYHU
DQGIDQDUHGLUHFWO\FRQQHFWHGDQGDUHVWDUYHGGXULQJKLJKVWDQGVZKHQWKHVHGLPHQWLVVH
TXHVWHUHG RQ WKH VKHOI HJBouma, 2001; Mulder, 2011 and references therein, Einsele, 
2013$SURPLQHQWH[DPSOHRIVXFKDVHDOHYHOFRQWUROOHGIDQLVWKH$PD]RQ)DQHJMaslin 
et al., 2006
,IZHFRQVLGHUWKHSRWHQWLDODJHUDQJHLQFOXGLQJHUURUUDQJHIRUWKHWKUHH%$5OD\HUVLQWKH
FRQWH[WRIJOREDOVHDOHYHOYDULDWLRQVWKH\PD\DOOWKUHHKDYHEHHQGHSRVLWHGGXULQJWLPHVRI
VHDOHYHOKLJKVWDQGVFig. 5.5+RZHYHU WKHDJHSUREDELOLW\GLVWULEXWLRQSHDNVRI WKH WKUHH
OD\HUVLPSO\WKUHHGLIIHUHQWVWDJHVZLWKLQWKHJODFLDOLQWHUJODFLDOF\FOHIRUWKHGHSRVLWLRQRIWKH
WKUHHOD\HUV%$5ZLWKLQDQLQWHUJODFLDOGXULQJWLPHVRIDUHODWLYHO\KLJKHUVHDOHYHOFRPSDUHG
WRWKHVXEVHTXHQWLQWHUJODFLDOV%$5DWWLPHVRIIDOOLQJVHDOHYHOGXULQJDQLQWHUJODFLDODQG
%$5GXULQJDJODFLDOLQWHUJODFLDOWUDQVLWLRQDWWLPHVZKHQWKHVHDOHYHOMXVWVWDUWHGWRULVH7KLV
VXJJHVWVWKDWWKHGHSRVLWLRQRIWKHREVHUYHGKHPLSHODJLFOD\HUV%$5PD\KDYHEHHQWULJ
JHUHG LQGHSHQGHQWO\ IURPUHODWLYHVHDOHYHOYDULDWLRQVZKLFK LQWXUQPHDQVWKDW WKH%HQJDO
)DQEHKDYHVFRQWUDGLFWRU\WRJHQHUDOIDQPRGHOV7KDWVXFKDVHDOHYHOLQGHSHQGHQWEHKDYLRU
WKURXJKRXWWKH0LGGOH3OHLVWRFHQHLVDUHDVRQDEOHVFHQDULRLVFRUURERUDWHGVLQFHWKH%HQJDO
)DQDOVRUHPDLQHGDFWLYHWKURXJKRXWWKH+RORFHQHKLJKVWDQGSHULRGYLDVHGLPHQWE\SDVVLQJ
IURPWKHULYHUPRXWKWRWKHVKHOIFDQ\RQ6R1*DQGIURPWKHUHWRWKHIDQWeber et al., 1997, 
Michels et al., 2003; Hein et al., 2017
,IQRWVHDOHYHOGULYHVWKHGHSRVLWLRQRIWKHKHPLSHODJLF%$5OD\HUVWKHLUGHSRVLWLRQPXVWEH
WULJJHUHGHLWKHUE\DGHFUHDVHLQRYHUDOOVHGLPHQWLQSXWSRWHQWLDOO\OLQNHGWRDGHFUHDVHLQ
+LPDOD\DQGHQXGDWLRQUDWHVDFRPSOHWHIDQVKXWRIIRUIDQLQWHUQDOSURFHVVHVVXFKDV
DQRUWKZDUGV WHUPLQDWLRQRI WKH IDQ WKH WHPSRUDO VXE IDQPLJUDWLRQDZD\ IURPRXUVWXG\
DUHDRUWKHYHU\ORFDOFRQILQHPHQWRIIDQDFWLYLW\DORQJDGLVWLQFW&/6
7KH$VLDQPRQVRRQLVRQHRIWKHILUVWRUGHUFRQWUROVRQ+LPDOD\DQHURVLRQUDWHVGaly and 
France-Lanord, 2001,WVLQWHQVLW\LVFRQWUROOHGE\GLIIHUHQWIDFWRUVVXFKDVWHFWRQLFVRUELWDO
IRUFLQJRURFHDQFLUFXODWLRQVDFWLQJRQRUELWDOPLOOHQQLDODQGGHFDGDOWRVHDVRQDOWLPHVFDOHV
Zhisheng et al., 2015; Mohtadi et al., 20167KHREVHUYHGWLPHVRIKHPLSHODJLFGHSRVLWLRQRQ
WKHORZHU%HQJDO)DQPD\FRUUHODWHWRWLPHVRIDZHDNHQHG$VLDQPRQVRRQODVWLQJIRUVHYHUDO
WKRXVDQGVRI\HDUV+RZHYHU WKLVZRXOG UHTXLUH WKHYHU\XQOLNHO\VLWXDWLRQRI WKH LUUHJXODU
QRQSHULRGLFUHFXUUHQFHRIWLPHVZLWKDZHDNHQHGPRQVRRQZKLFKDWWKHVDPHWLPHZRXOG
KDYHWRKDYHDVWURQJHULPSDFWWKDQRUELWDOO\IRUFHGPRQVRRQYDULDELOLW\
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$FRPSOHWHVKXWRIIRIWKHIDQLIQRWFDXVHGE\DGHFUHDVHLQHURVLRQUDWHVPD\EHOLQNHGWR
D GHOWD UHRUJDQL]DWLRQ DV REVHUYHG WKURXJKRXW+RORFHQH WLPHV HJGoodbred and Kuehl, 
2000b; Goodbred et al., 2014%XWDJDLQZHZRXOGH[SHFWGHOWDUHRUJDQL]DWLRQVWREHFRXSOHG
ZLWK WLPHVRIVHDOHYHOKLJKVWDQGV$FFRUGLQJO\DXWRF\FOLFFRQWUROVVHHP WREH WKH OLNHOLHVW
H[SODQDWLRQIRU WKHGHSRVLWLRQRI%$5(YHQVRZHFDQH[FOXGHFRQILQHGVHGLPHQWDWLRQ
ZLWKLQ D VSHFLILF&/6 WR UHVXOW LQ WKHGHSRVLWLRQRI WKH%$5V2WKHUZLVHZHZRXOGH[SHFW
ZLGHVSUHDGKHPLSHODJLFGHSRVLWLRQDVVRFLDWHGZLWKDOO&/6VRUDWOHDVWFHUWDLQ&/6VEHLQJ
UHPDUNDEO\GLIIHUHQWLQWKHLUVL]HGXUDWLRQDQGJHRPHWU\%XWQHLWKHUWKHVHLVPLFGDWDQRUWKH
,2'3([SHGLWLRQGULOOLQJVXSSRUWVWKLVLQWHUSUHWDWLRQFigs. 5.2 and 5.3+RZHYHUXSIDQ
DYXOVLRQVDQGWKHODWHUDOPLJUDWLRQRIDFWLYHIDQGHSRVLWLRQDUHFRPPRQSURFHVVHVRQWKH%HQ
JDO)DQCurray et al., 2003; Schwenk and Spieß, 2009; Chapter 4
8QIRUWXQDWHO\RXUGDWDEDVHGRHVQRWDOORZWRDVVHVVZKHWKHUWKH%$5OD\HUVDUHDSKHQRP
HQRQUHVWULFWHGWRFHUWDLQSDUWVRIWKHIDQRUPDUNIDQZLGHHYHQWV1RQHWKHOHVVWKHGDWDLPSO\
VHDOHYHOYDULDWLRQVFDQQRWH[FOXVLYHO\H[SODLQWKHUHJLRQDOKHPLSHODJLFGHSRVLWLRQRQWKHORZHU
%HQJDO)DQ7KLVVHDOHYHOLQGHSHQGHQWGHSRVLWLRQSDWWHUQIXUWKHULPSOLHVDORQJWHUPVWDEOH
FRQQHFWLRQEHWZHHQULYHUDQGIDQH[LVWLQJDWOHDVWVLQFHWKH0LGGOH3OHLVWRFHQH7KLVFRQQHF
WLRQSUHVHUYHVDFRQVWDQWVHGLPHQWVXSSO\WRWKHIDQ$VLPLODUEHKDYLRULVREVHUYHGRQWKH
=DLUH&RQJR)DQIHGE\DFDQ\RQH[WHQGLQJDFURVVWKHFRQWLQHQWDOVKHOIVXVWDLQLQJIDQVHGL
PHQWDWLRQWKURXJKRXWWKH+RORFHQHXQWLOWKHSUHVHQWGD\HJBabonneau et al., 2002

5.4.2Monsoon-related increase in Pleistocene sediment flux? 
7KHRYHUDOO DFFXPXODWLRQ UDWHVGHWHUPLQHG IRU6XEIDQ& FPNDTbl. 5.2DUH LQ WKH
VDPHUDQJHDVWKHPHGLDQDFFXPXODWLRQUDWHVFPNDHVWLPDWHGDWWKH,2'3([SHGL
WLRQGULOOVVLWHVE\DJHGHSWKPRGHOLQJReilly et al. (in prep0RUHRYHUWKHVHSDUDWLRQRI
6XEIDQ&LQWRWKHIRXUVXEXQLWV&&Fig. 5.4DQGWKHHVWLPDWLRQRIDFFXPXODWLRQUDWHVDORQJ
WKHGULOOLQJWUDQVHFWFOHDUO\UHYHDOVDVWURQJLQFUHDVH
LQ DFFXPXODWLRQ UDWHV DW 1 IURP WKH ROGHVW &
PHDQVHG5DWH FPND WR WKH \RXQJHVWXQLW &
PHDQ VHG5DWH  FPND DFFRPSDQLHG E\ DQ LQ
FUHDVHLQODWHUDOH[WHQVLRQFig. 5.6:HLQWHUSUHW&
ZKLFKODVWHGIURPaWRUHSUHVHQWWKHPL[HG
WXUELGLWLFKHPLSHODJLF 8QLW  0D GHILQHG
E\Weber and Reilly, 2018$FFXPXODWLRQUDWHVRI&
DUHZLWKFPNDIRXUWLPHVKLJKHUWKDWDFFXPXODWLRQ
Figure 5.8: Bar plot illustrating the volume percentage of 
the four subunits C1-C4 (top) together with their absolute 
duration (bottom). *Mass accumulation rates calculated 
for a volume extrapolated for 1 km along-fan. 
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UDWHVRIWKHXQGHUO\LQJ03+/FPNDWeber and Reilly, 2018EXWLQWKHVDPHUDQJHRI
%$5GHSRVLWLRQUDWHVaFPNDDQGUDWKHUORZFRPSDUHGWRWKHDYHUDJHGDFFXPXODWLRQUDWH
RI6XEIDQ&FPNDChapter 4:HLQWHUSUHWWKHRWKHUWKUHHXQLWV&&0DWR
UHSUHVHQWWKHWXUELGLWLFGRPLQDWHG8QLWGHILQHGE\Weber and Reilly, 2018
3ORWWLQJWKHVHGLPHQWYROXPHWRJHWKHUZLWKWKHWRWDOGXUDWLRQRIHDFKXQLWXQGHUOLQHVWKHGUDVWLF
LQFUHDVHRIVHGLPHQWLQSXWRYHUWLPHFig. 5.8$ERXWRI6XEIDQ&¶VYROXPHLVVXSSOLHG
E\&WKHXQLWZLWKWKHVHFRQGVKRUWHVWGXUDWLRQZKLOH&WKHORQJHVWODVWLQJXQLWVXSSOLHV
RQO\RIWKHVHGLPHQWVWR6XEIDQ&Fig. 5. 8$QH[FHSWLRQLVWKHVHFRQGROGHVW8QLW&
ZKLFKODVWHGVLJQLILFDQWO\VKRUWHUFRPSDUHGWRWKHRWKHUXQLWV7KLVPD\EHFRQQHFWHGWRWKH
UHODWLYHO\ODUJHHUURUUDQJHRI%$5WKHUHIOHFWRUERXQGLQJWKHWRSRI&Tbl. 5.1
7KHVDPHSLFWXUH LVGUDZQZKHQFRPSDULQJ WKHPDVVDFFXPXODWLRQ UDWHVRI WKH IRXUXQLWV
HVWLPDWHGIRUDYROXPHH[WUDSRODWHGWRNPñLQDORQJIDQGLUHFWLRQTbl. 5.27KHPDVVDFFX
PXODWLRQUDWHRI&LVPRUHWKDQWLPHVKLJKHUWKDQWKHPDVVDFFXPXODWLRQUDWHRI&0RUH
RYHU LQFUHDVH LQ PDVV DFFXPXODWLRQ OLNH WKH UHFXUULQJ GHSRVLWLRQ RI KHPLSHODJLF OD\HUV
VHHPVWRDFWLQGHSHQGHQWO\RIUHODWLYHVHD±OHYHOYDULDWLRQV

2QHPLJKWWKLQNWKDWWKHLQFUHDVLQJVHGLPHQWDFFXPXODWLRQLVOLQNHGWRWKHSURJUDGLQJQDWXUH
RI WKH IDQDVVKRZQE\ Curray et al., (2003) IRU WKH WLPHVRI IDQ LQLWLDWLRQ ,IZHDSSO\ WKLV
VLPSOLILHGPRGHOWRRXUGDWDDVLPLODUVFHQDULRPD\H[SODLQWKHREVHUYHGLQFUHDVHLQGHSRVLWLRQ
DW 1VLQFHa0D ,Q WKHHDUO\ VWDJHRI6XEIDQ& & VHGLPHQWVPD\KDYH ILOOHGXS
DFFRPPRGDWLRQVSDFHFUHDWHGSULRUWRWKHRQVHWRI6XEIDQ&ZKLOHIDQGHSRVLWLRQKDVEHHQ
FRQVWUDLQHGWRRWKHUSDUWVRIWKH%HQJDO)DQ7KHQRQO\VRPHRIWKHWXUELGLW\FXUUHQWVZRXOG
KDYHUHDFKHG1H[SODLQLQJWKHORZDFFXPXODWLRQUDWHVREVHUYHGIRU&7KXVWKHORZDFFX
PXODWLRQUDWHVRI&PD\EHDXWRF\FOLFFRQWUROOHGE\WKHJHRPHWU\RIWKHIDQ+RZHYHULIZH
ZRXOGFRQVLGHUDFRQVWDQWVHGLPHQWVXSSO\DQGIDQSURJUDGDWLRQDVWKHRQO\SURFHVVLQIOXHQF
LQJWKHGRZQIDQGLVSHUVDORIVHGLPHQWVZHZRXOGH[SHFWWRREVHUYHDFRQVWDQWRUHYHQGH
FUHDVLQJWKLFNQHVVDW1IRUWKHRWKHUWKUHHXQLWV&&,QVWHDGZHFDQFOHDUO\LPDJHWKDW
WKHDPRXQWRIVHGLPHQWWKHXQLWWKLFNQHVVWKHODWHUDOH[WHQVLRQRIHDFKXQLWDQGWKHUDWHRI
DFFXPXODWLRQ LQFUHDVHKLQWLQJ WRZDUGVRYHUDOO LQFUHDVLQJ IOX[ WR WKH%HQJDO)DQ+HUH WKH
VDPHREVHUYDWLRQDVIRUWKHUHJLRQDOGHSRVLWLRQRIKHPLSHODJLFOD\HUVDSSOLHV$FRQQHFWLRQRI
LQFUHDVLQJVHGLPHQWLQSXWZLWKVHDOHYHOYDULDWLRQVLVQRWOLNHO\EHFDXVHVHDOHYHOXQGHUJRHV
FRQVWDQWYDULDWLRQVGXULQJWKHGXUDWLRQRI6XEIDQ&ZKLOHWKHVHGLPHQWIOX[DYHUDJHGRYHUWKH
WLPHVFDOHZHFDQUHVROYHFRQVWDQWO\ULVHV7KHVHREVHUYDWLRQVOHDGXVWRK\SRWKHVL]HWKDW
WKHLQFUHDVHGDFFXPXODWLRQUDWHVDW1DUHDVRXUFHGULYHQVLJQDOZKLFKPD\EHFRQQHFWHG
WRDQLQWHQVLILHG+LPDOD\DQGHQXGDWLRQUDWH7KLVK\SRWKHVLVLVVXSSRUWHGE\WKHUHFXUUHQFH
UDWHRI6XEIDQ&&/6VDW1Fig. 5.7LQFUHDVLQJVLPXOWDQHRXVO\ZLWKWKHRYHUDOOLQFUHDVHLQ
DFFXPXODWLRQUDWH-XVWDIWHUWKHUHDSSHDUDQFHRIIDQVHGLPHQWDWLRQWRRXUVWXG\DUHDZKHQ
DFFXPXODWLRQUDWHLVORZXQLWV&DQG&WKHWLPHEHWZHHQWZRVXEVHTXHQW&/6VLV
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N\UVORQJHUWKDQDWWLPHVZLWKLQFUHDVHGDFFXPXODWLRQUDWHXQLWV&DQG&Fig. 5.77KLV
UHVHPEODQFHKLQWVWRZDUGVDFRUUHODWLRQRIRYHUDOOVHGLPHQWLQSXWDQGFKDQQHODYXOVLRQHYHQV
RQWKHIDQ0HDQGHUJURZLQJDQGWKDOZHJHOHYDWLRQRIFKDQQHOOHYHHV\VWHPVZKLFKILQDOO\
OHDGVWRDYXOVLRQVGHYHORSZLWKHYHU\WXUELGLW\FXUUHQW7KXVWKHLQFUHDVLQJQXPEHURIDYXO
VLRQVSRLQWVLVOLQNHGWRDQLQFUHDVHLQUHFXUUHQFHUDWHRIWXUELGLW\FXUUHQWVGXULQJWKHFRQVWUXF
WLRQRI6XEIDQ&
$VRXUFHGULYHQLQFUHDVHLQVHGLPHQWLQSXWDVREVHUYHGIURPRXUGDWDPD\EHOLQNHGWRYDULD
WLRQVLQ$VLDQ0RQVRRQLQWHQVLW\RUFKDQJHVLQ+LPDOD\DQ8SOLIW:KLOHWKH+LPDOD\DDQGWKH
7LEHWDQ3ODWHDXKDYHXQGHUJRQHWKUHHPDMRUSXOVHVRIXSOLIWDWa0DVRXWKHUQDQGFHQ
WUDO7LEHWDQ3ODWHDXDWa0DQRUWKHUQ7LEHWDQ3ODWHDXDQGDWa0DQRUWKHDVWHUQ
WRHDVWHUQ7LEHWDQ3ODWHDXQRPDMRUXSOLIWHYHQWVRFFXUUHG LQ WKH ODVWND Tada et al., 
20161RQHWKHOHVVWKHUHLVDOEHLWEHLQJFRQWURYHUVLDOHYLGHQFHIRUYDULDWLRQVLQ$VLDQ0RQ
VRRQVWUHQJWKVLQFHWKH3OHLVWRFHQH$VWXG\IURPWKH6RXWK&KLQD6HDLQGLFDWHV/DWH3OLRFHQH
WR+RORFHQHLQWHQVLILFDWLRQRIWKH(DVW$VLDQ0RQVRRQClift et al., 2008ZKLOHDWWKHVDPH
WLPHHURVLRQUDWHVLQWKHFHQWUDO+LPDOD\DVHHPWRLQFUHDVHHuntington et al., 20065HFRUGV
IURP WKH&KLQHVH/RHVV3ODWHDXVXJJHVWDZHDNHQHG(DVW$VLDQVXPPHUPRQVRRQDQGD
VWURQJHUZLQWHUPRQVRRQLQWKHSHULRGRIa0DZKLOHVLQFH0DWKHDPSOLWXGHRI
ERWKVXPPHUDQGZLQWHUPRQVRRQYDULDWLRQVVHHPVWRKDYHLQFUHDVHGSun et al., 20062Q
WKHRWKHUKDQGZhisheng et al., (2001)SURSRVHDZHDNHQLQJRI,QGLDQDQG(DVW$VLDQVXPPHU
PRQVRRQVLPXOWDQHRXVO\ZLWKDVWUHQJWKHQLQJRIWKH(DVW$VLDQ:LQWHU0RQVRRQVLQFH0D

2XUGDWDIDYRUDVRXUFHGULYHQFRQWURORYHUDVHDOHYHORUDXWRF\FOLFWULJJHUIRUWKHLQFUHDVHLQ
DFFXPXODWLRQ'HVSLWHWKLVSUHIHUHQFHZHDUHDZDUHWKDWRXUREVHUYDWLRQVIURPWKHORZHU%HQ
JDO)DQUHIOHFWRQO\DVPDOOSDUWRIWKHYHU\ODUJH)DQV\VWHP$GGLWLRQDOGDWDIURPXSDQG
GRZQIDQLVQHHGHGWRVXSSRUWWKLVK\SRWKHVLVWRHYHQWXDOO\FRQWULEXWHWRWKHXQGHUVWDQGLQJRI
WKH3OHLVWRFHQHFOLPDWHYDULDWLRQV

5.5 Conclusion 
7KHQHZLQWHUSUHWDWLRQRIPXOWLFKDQQHOVHLVPLFGDWDIURPWKHORZHU%HQJDO)DQLQLQWHJUDWLRQ
ZLWK,2'3([SHGLWLRQGULOOLQJUHVXOWVDQGWKHQRYHODJHGHSWKPRGHORIReilly et al. (in prep)
DOORZ WRVLJQLILFDQWO\ LPSURYH WKHFKURQRVWUDWLJUDSK\DORQJ WKH ,2'3([SHGLWLRQGULOOLQJ
WUDQVHFWRQDVFDOHRIaND IRU WKH WLPHVLQFH WKH0LGGOH3OHLVWRFHQHDQGSURYLGHQHZ
LQVLJKWVLQWRWKH0LGGOH3OHLVWRFHQHVHGLPHQWDWLRQKLVWRU\,QWKHWLPHIURPIDQVHG
LPHQWDWLRQ LQ UHVWULFWHGZLWKLQ6XEIDQ& ORFDWHG LQ WKHHDVWHUQ%HQJDO%DVLQ6XEIDQ& LV
ERXQGHG E\ WKH0LGGOH 3OHLVWRFHQH+HPLSHODJLF /D\HU 03+/ 0DWeber and 
Reilly, 2018DWWKHERWWRPDQGWKH/DWH3OHLVWRFHQH+HPLSHODJLF/D\HU/3+/UHFHQW
Weber et al., 2018DWWKHWRS7KUHHUHJLRQDOH[WHQGLQJKHPLSHODJLFOD\HUV%$5VHSDUDWH
6XEIDQ&LQWRIRXULQGLYLGXDOXQLWVQDPHO\&&7KHDJHSUREDELOLW\GLVWULEXWLRQRIWKHWKUHH
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%DUOD\HUVGHWHUPLQHGE\Reilly et al. (in prep)UHYHDOVWKDWWKHLUGHSRVLWLRQPRVWOLNHO\RFFXUV
LQGHSHQGHQWO\IURPVHDOHYHOYDULDWLRQVLQGLFDWLQJWKDWWKH%HQJDO)DQEHKDYHVFRQWUDGLFWRU\
WRWKHJHQHUDOXQGHUVWDQGLQJRIVXEPDULQHIDQVEHLQJVWDUYHGGXULQJWLPHVRIVHDOHYHOKLJK
VWDQGV7KHGHSRVLWLRQDOSDWWHUQRI6XEIDQ&IXUWKHULPSOLHVDORQJWHUPVWDEOHVHGLPHQWVXSSO\
WRWKHIDQDWOHDVWVLQFHWKH0LGGOH3OHLVWRFHQH,QRXUVWXG\DUHDDFFXPXODWLRQUDWHVRI6XEIDQ
&LQFUHDVHLQWKHWLPHIURPa0DIURPDSSUR[LPDWHO\FPNDWRFPND7KHLQ
FUHDVHLQDFFXPXODWLRQLVDFFRPSDQLHGE\LQFUHDVHGXQLW WKLFNQHVVHVDQGODWHUDOH[WHQVLRQ
DQGFRUURERUDWHGE\DVLPXOWDQHRXV LQFUHDVH LQFKDQQHO UHFXUUHQFH UDWHV:HK\SRWKHVL]H
WKDW WKH LQFUHDVH LQ VHGLPHQW DFFXPXODWLRQ LV QRW IDQLQWHUQDO RU VHDOHYHO FRQWUROOHGEXW D
VRXUFHGULYHQVLJQDO ,WPD\EH WKHH[SUHVVLRQRIFKDQJHV LQPRQVRRQ LQWHQVLW\GXULQJ WKH
0LGGOH 3OHLVWRFHQH +RZHYHU IXUWKHU VXSSRUW E\ DGGLWLRQDO GDWD IURP GRZQ DQG XSIDQ LV
QHHGHGWRWUDQVIHURXUORFDOREVHUYDWLRQVWRWKHHQWLUH%HQJDO)DQ


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Chapter 6 
6 Conclusion and future perspectives 
:LWKLQ WKLV WKHVLVK\GURDFRXVWLFGDWD LQFOXGLQJHFKRVRXQGHUDQGPXOWLFKDQQHOVHLVPLFGD
WDVHWVZHUH LQWHJUDWHGZLWKGULOOLQJUHVXOWV IURPWKH ,2'3([SHGLWLRQ WR LQYHVWLJDWH WKH
DUFKLWHFWXUHDQGHYROXWLRQRIWKHORZHU%HQJDO)DQDWGLIIHUHQWVFDOHV7KH%HQJDO)DQLVWKH
PDLQVLQNIRU+LPDOD\DQVHGLPHQWVDQGWKXVUHSUHVHQWVWKHSULPDU\UHFRUGHURIWKH+LPDOD
\DQHURVLRQDVZHOODV$VLDQ0RQVRRQKLVWRU\7KHFXUUHQWWKHVLVH[DPLQHGWKHVSDWLDODQG
WHPSRUDOYDULDELOLW\RIVHGLPHQWGHOLYHU\DQGGHSRVLWLRQDOSURFHVVHVVLQFHWKH0LGGOH3OHLVWR
FHQHDWWKHORZHU%HQJDO)DQ1LQRUGHUWRHQKDQFHRXURYHUDOOXQGHUVWDQGLQJRIWKHIDQ
HYROXWLRQDVZHOODVWRDGYDQFHRXUNQRZOHGJHRQWKHOLQNEHWZHHQVRXUFHDQGVLQN7KHWKUHH
VWXGLHVSUHVHQWHGZLWKLQWKLVWKHVLVIRFXVHGRQLWKHLPSDFWRIDQDFWLYHO\PHDQGHULQJFKDQQHO
RQ OHYHH IRUPDWLRQDVZHOO DV WKH/DWH4XDWHUQDU\ WR+RORFHQHDFWLYLW\ RI WKH%HQJDO )DQ
Chapter 3LL WKHWHPSRUDODQGVSDWLDOG\QDPLFVRIGHSRFHQWHUPLJUDWLRQChapter 4LLL
WKHLQWHUSOD\RIGLIIHUHQWGHSRVLWLRQDOSURFHVVHVFKDQQHOL]HGDQGXQFKDQQHOL]HGWXUELGLW\FXU
UHQWVYVKHPLSHODJLFGHSRVLWLRQChapter 4 and 5DVZHOODVLYDFFXPXODWLRQUDWHYDULDELOLW\
DQGWKHLUSRWHQWLDOOLQNWRFOLPDWHFKDQJHVLQWKHVRXUFHDUHDChapter 57KHRXWFRPHVKLJK
OLJKWWKHLPSRUWDQFHRIDFRPSUHKHQVLYHDSSURDFKWREHDEOHWRXQGHUVWDQGWKH%HQJDO)DQ¶V
FRPSOH[GHSRVLWLRQDOG\QDPLFVDQGWRXOWLPDWHO\FRQQHFWFKDQJHVLQWKHVHGLPHQWDU\VLQNZLWK
FKDQJHVLQWKHVHGLPHQWDU\VRXUFH
7KHPDLQFRQFOXVLRQVRIRXUUHVHDUFK LQUHJDUGWRWKHPDLQUHVHDUFKTXHVWLRQVRXWOLQHG LQ
&KDSWHUDUHV\QWKHVL]HGLQWKHIROORZLQJ

:KDWLVWKHYDULDELOLW\RIOHYHHGHSRVLWLRQLQDQDFWLYHO\PHDQGHULQJFKDQQHODQGKRZGRHVLW
DIIHFWWKHLQWHUSUHWDWLRQRIOHYHHVHGLPHQWFRUHV"
7KHFDVHVWXG\RIWKH$FWLYH&KDQQHOChapter 3SURYLGHGDQH[FHOOHQWRSSRUWXQLW\WRH[DPLQH
VKRUWWHUPYDULDWLRQVLQOHYHHFRQVWUXFWLRQDORQJDQDFWLYHO\PHDQGHULQJFKDQQHO7KHFRPEL
QDWLRQRIKLJKUHVROXWLRQ3DUDVRXQGGDWDDFURVVWKLVFKDQQHOOHYHHV\VWHPDQGVHGLPHQWFRUHV
IURPWKHZHVWHUQOHYHHHQDEOHGDVXEOHYHHVFDOHUHVROXWLRQDQGWKHLQYHVWLJDWLRQRIWKHVSDWLDO
YDULDELOLW\WKURXJKRXWWKUHHLQGLYLGXDOWLPHVOLFHVOHYHHXQLWV
+LJKHVWOHYHHDFFXPXODWLRQUDWHVFRXOGFOHDUO\EHOLQNHGWRRXWHUFKDQQHOVEHQGV7KLVLVLQ
JRRGDJUHHPHQWZLWKSK\VLFDODQGQXPHULFDOPRGHOVRIFKDQQHOOHYHHV\VWHPVHJKane et 
al., 2010; Huang et al., 2012DQGSURYLGHVDVWURQJWRROWRUHFRQVWUXFWIRUPHUFKDQQHOSDWK
ZD\V6SDWLDOWKLFNQHVVPDSVUHYHDOHGDWKUHHIROGYDULDWLRQLQOHYHHKHLJKWIRURQHSDUWLFXODU
WLPHVOLFHDFURVVWKHFKDQQHO7KHPRYHPHQWRIFKDQQHOEHQGVWKURXJKWLPHUHVXOWVLQWKHXS
DQGGRZQIDQVKLIWRIWKHPDLQGHSRFHQWHUDQGFRQVHTXHQWO\LQDSDWFK\GHSRVLWLRQDOSDWWHUQ
7KLVKLJKOLJKWV WKDWVHGLPHQWDWLRQ UDWHVDWDQ\SRLQWRQD OHYHHDUHKLJKO\YDULDEOH WKURXJK
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WLPH 1RQHWKHOHVV WKH VKRUWWHUP GHSRVLWLRQDO YDULDWLRQV DUH HTXDOL]HG RYHU WLPH DV D UH
VSRQVH WR WKH G\QDPLF FKDQQHO JHRPHWU\ DQG WRSRJUDSKLFDOO\ FRQWUROOHG DFFRPPRGDWLRQ
VSDFH+HQFHVHGLPHQWDWLRQUDWHVIURPDOHYHHKHUH6LWH8FDQQRWGLUHFWO\EHWUDQV
IHUUHGWRVHGLPHQWIOX[HV,QVWHDGVHGLPHQWIOX[HVDQGEXGJHWVVKRXOGEHDYHUDJHGRYHUD
VXIILFLHQWO\ORQJWLPHDYHUDJHLQRUGHUWRPLQLPL]HVWDWLVWLFDOHUURUVJHQHUDWHGE\FKDQQHOLQ
GXFHGVKRUWWHUPIOXFWXDWLRQV

:KHQZDVWKHActive ChannelLQLWLDWHGDQGDUHWKHUHDQ\LQGLFDWRUVIRULQWHUPLWWHQWFKDQQHO
OHYHHHYROXWLRQ"
7KHHYROXWLRQRIWKH$FWLYH&KDQQHOChapter 3KDVEHHQLQYHVWLJDWHGEDVHGRQWKHFRUUHODWLRQ
RIDFRXVWLFXQLWVGHULYHGIURPDGHWDLOHGDQDO\VLVRI3DUDVRXQGGDWDDQG,2'3FRUHOLWKRORJ\. 
:HGHYHORSHGDQDJHPRGHOIRUWKH$FWLYH&KDQQHODW1EDVHGRQUDGLRFDUERQDJHVXQGHU
FRQVLGHUDWLRQ RI GHSRVLWLRQDO SURFHVVHV WXUELGLWLF YV KHPLSHODJLF 2YHUVSLOOLQJ VHGLPHQWV
KDYHDQDYHUDJHGHSRVLWLRQUDWHRIPND0DVVDFFXPXODWLRQUDWHVRIWKHLQGLYLGXDOOHYHH
XQLWVUHPDLQUHODWLYHO\FRQVWDQWLQGLFDWLQJDVWHDG\VHGLPHQWIOX[DWOHDVWGXULQJWLPHVRIDFWLYH
RYHUVSLOOLQJ
2XUVWXG\LQGLFDWHVWKDWWKH$FWLYH&KDQQHODW1KDVEHHQLQLWLDWHGDURXQGNDDJR7KLV
LVFRQVLGHUDEO\HDUOLHUWKDQVXJJHVWHGE\SUHYLRXVVWXGLHVFRQGXFWHGDW1Weber et al., 
1997; Hein et al., 20172YHUVSLOOVHGLPHQWDWLRQRQWKHOHYHHVRIWKH$FWLYH&KDQQHOKDVEHHQ
LQWHUUXSWHGGXULQJWKH/*0DQGWKHGHJODFLDOVHDOHYHOULVHND8QLW+8'XULQJ
WKLVWLPHDWKLQKHPLSHODJLFOD\HUKDVEHHQGHSRVLWHGFRYHULQJWKHOHYHH$VHFRQGLQWHUUXS
WLRQRIRYHUVSLOOVWDUWHGaNDDJRDQGRQFHDJDLQ OHG WR WKH IRUPDWLRQRIDKHPLSHODJLF
GUDSH%RWKSKDVHVRIKHPLSHODJLFGHSRVLWLRQZHUHLQWHUSUHWHGDVEHLQJOLQNHGWRDUHGXFHG
WXUELGLW\FXUUHQWKHLJKWZKLOHWKHFKDQQHOLWVHOIUHPDLQHGDFWLYH7KHGHFUHDVHLQWXUELGLW\FXU
UHQWKHLJKWLVSRWHQWLDOO\FDXVHE\GHFUHDVHGVHGLPHQWLQSXWZKLFKKRZHYHUGRHVQRWDSSHDU
WREHV\VWHPDWLFDOO\OLQNHGWRVHDOHYHOKLJKVWDQGV

:KDWDUHWKHWHPSRUDODQGVSDWLDOG\QDPLFVRIVHGLPHQWSDWKZD\PLJUDWLRQVDFURVVWKH%HQJDO
)DQRQORFDOFKDQQHODQGUHJLRQDOVXEIDQVFDOHV"
7KHHYROXWLRQRIWKH%HQJDO)DQVLQFHWKH0LGGOH3OHLVWRFHQHChapter 4KDVEHHQVWURQJO\
FRQWUROOHGE\VLJQLILFDQWFKDQJHVLQGHSRFHQWHUORFDWLRQVDWGLIIHUHQWWLPHDQGVSDWLDOVFDOHV
2QPLOOHQQLDOWLPHVFDOHVGHSRVLWLRQLVFRQVWUDLQHGWRFKDQQHOOHYHHV\VWHPV7KHFKDQQHO
OHYHHV\VWHPVRQWKHORZHU%HQJDO)DQDSSHDUWREHGRPLQDQWO\HURVLYHDQGXVXDOO\WKHFKDQ
QHOUHOLHIH[FHHGVWKHOHYHHKHLJKW)UHTXHQWFKDQQHODYXOVLRQVUHVXOWLQDQDYHUDJHFKDQQHO
OHYHHV\VWHP OLIHWLPHRIaND7KHYDULDEOH VL]HRI FKDQQHOOHYHHV\VWHPV LQGLFDWHV WKDW
FKDQQHODYXOVLRQPXVWEHGRPLQDQWO\DXWRF\FOLFFRQWUROOHG7KHODWHUDOGLVWDQFHEHWZHHQWZR
VXEVHTXHQWV\VWHPVRIWHQH[FHHGVNPDQGWKHLUUHODWLYHVXFFHVVLRQHPSKDVL]HVWKHG\
QDPLFFKDUDFWHURIWKH%HQJDO)DQGHSRVLWLRQ
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2QORQJHUWLPHVFDOHVFKDQQHOOHYHHV\VWHPVDUHRUJDQL]HGLQVXEIDQV6XEIDQVIRFXVWHU
UHVWULDOVHGLPHQWDWLRQWRSDUWVRIWKH%HQJDO)DQZKLOHLQWKHUHPDLQLQJDUHDKHPLSHODJLFGHS
RVLWLRQGRPLQDWHV:HPHUJHGRXU ILQGLQJVDQGHDUOLHUSXEOLVKHGGDWD Curray et al., 2003; 
Schwenk and Spieß, 2009DQGGHYHORSHGDFRPSUHKHQVLYHPRGHOIRUWKHVSDWLDODQGWHPSRUDO
HYROXWLRQRIWKHVXEIDQVPDSVH[SDQGLQJVRXWKWR1Fig. 4.87KH0LGGOH3OHLVWRFHQHWR
+RORFHQHVHGLPHQWVHFWLRQFDQEHGLIIHUHQWLDWHGLQWRWKHWKUHHVXEIDQV%0D&
0DDQG'0DUHFHQW7KHVXEIDQORFDWLRQVHHPVWREHVWURQJO\FRQWUROOHG
E\DFFRPPRGDWLRQVSDFHFUHDWHGE\WKHXSOLIWRIWKH(ULGJHDQGWKH1LQHW\HDVW5LGJHDV
ZHOO DV WKHSRVLWLRQRI WKH VHGLPHQWVXSSO\LQJ FDQ\RQEXWGRHVQRWDSSHDU WREH OLQNHG WR
JODFLDOLQWHUJODFLDOF\FOHV/LNHWKHFKDQQHOOHYHHV\VWHPVVXEIDQVPLJUDWHDFURVVWKH%HQJDO
)DQDQGDOWHUQDWHO\RFFXS\WKHZHVWHUQDQGWKHHDVWHUQIDQ:KLOH6XEIDQ&UHDFKHVRXUVWXG\
DUHDLQLWVIXOOH[WHQWQRWHUUHVWULDOVHGLPHQWVRI6XEIDQ%DQGRQO\WKHZHVWHUQPRVWH[WHQVLRQ
RI6XEIDQ'DUHLPDJHGE\RXUGDWD,QVWHDGWKH0LGGOHDQG/DWH3OHLVWRFHQH+HPLSHODJLF
/D\HU WKHKHPLSHODJLFHTXLYDOHQWV WR VXEIDQ%DQG' UHVSHFWLYHO\ZHUHGHSRVLWHG LQ WKH
ZRUNLQJDUHD+HQFHZHFRQFOXGHGWKDWWKHVXEIDQV%DQG'ZHUHORFDWHGIXUWKHUZHVWZDUG
:HSURYLGHGDUHODWLYHVWUDWLJUDSK\EDVHGRQWKHWKRURXJKWUDFLQJRIDOOFKDQQHOOHYHHEDVH
UHIOHFWRUVDQGWLPHPDUNHUV0RUHRYHUWKHVHLVPLFVWUDWLJUDSK\KDVEHHQLPSOHPHQWHGLQWRD
FRUHVHLVPLFLQWHJUDWHGDJHPRGHOVSHFLDOO\GHVLJQHGIRUWKH,2'3([SHGLWLRQGULOOLQJWUDQ
VHFW$SSHQGL[Reilly et al. (in prep
%\ UHYHDOLQJ D VWULNLQJ VSDWLDO DQG WHPSRUDO GHSRFHQWHU YDULDELOLW\ WKH FKDSWHUV¶ RXWFRPHV
KLJKOLJKWHGWKHLPSRUWDQFHRIDFFRXQWLQJIRUVHGLPHQWG\QDPLFVZKHQZRUNLQJZLWKWKH%HQJDO
)DQLQSDUWLFXODUEXWDOVRRWKHUIDQV\VWHPVLQJHQHUDODVVHGLPHQWDU\DUFKLYHV

:KLFKOLWKRORJ\LVGRPLQDWLQJWKHORZHU%HQJDO)DQ"
$OWKRXJKWKH%HQJDO)DQLVFODVVLILHGDVDPXGULFKIDQZHFRXOGVKRZWKDWRYHURIWKH
VHGLPHQWVDW1DUHFRPSRVHGRIVDQG\PDWHULDOGHSRVLWHGRXWRIXQFKDQQHOL]HG WXUELGLW\
FXUUHQWV$VLPLODUO\KLJKVDQGFRQWHQWKDVEHHQUHFRYHUHGDW,2'3([SHGLWLRQ6LWH8
FORVHWR17KHVHREVHUYDWLRQVKLJKOLJKWWKHGRPLQDQFHRIXQFKDQQHOL]HGVHGLPHQWDWLRQ
IRUIDQFRQVWUXFWLRQDQGLPSO\DKLWKHUWRXQGHUHVWLPDWLRQRIWKHVDQGFRQWHQWLQODUJHVXEPDULQH
IDQV

:KDWFRQWUROVZLGHVSUHDGKHPLSHODJLFGHSRVLWLRQRQWKHORZHU%HQJDO)DQ"
7KHORZHU%HQJDO)DQLVFRQVWUXFWHGRIWHUUHVWULDOPDWHULDOLQWHUFDODWHGZLWKKHPLSHODJLFOD\HUV
ZLWKPHWHUWRGHFLPHWHUVFDOHWKLFNQHVVHV7KHWZRSURPLQHQWKHPLSHODJLFOD\HUVIURP0LGGOH
DQG/DWH3OHLVWRFHQHWLPHV03+/0D/3+/0DUHFHQWDUHFRQVLGHUHGDV
KHPLSHODJLFVXEIDQHTXLYDOHQWV03+/±6XEIDQ%/3+/±6XEIDQ'7KHGHSRVLWLRQRIERWK
OD\HUVLVDXWRF\FOLFFRQWUROOHGDQGUHSUHVHQWWLPHVRIVXEIDQPLJUDWLRQDZD\IURPRXUVWXG\
DUHD)XUWKHUPRUHDVHWRIWKUHHGHFLPHWHUVFDOHKHPLSHODJLFOD\HUVQDPHO\%$5ZHUH
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LGHQWLILHGWKURXJKRXWODUJHSDUWVRI6XEIDQ&7KHLUGHSRVLWLRQGRHVQRWDSSHDUWREHV\VWHP
DWLFDOO\OLQNHGWRVHDOHYHOYDULDWLRQVEXWPD\EHGULYHQDXWRF\FOLF7KHVDPHREVHUYDWLRQDS
SOLHVWRWKHKHPLSHODJLFOD\HUVZLWKLQWKHOHYHHVRIWKH$FWLYH&KDQQHO2YHUDOOWKLVVWURQJO\
VXJJHVWVWKDWWKH%HQJDO)DQEHKDYHVFRQWUDGLFWRU\WRRWKHUODUJHVXEPDULQHIDQVZKLFKDUH
VWDUYHGGXULQJWLPHVRIVHDOHYHOKLJKVWDQG0RUHRYHULWLQGLFDWHVFRQVWDQWVHGLPHQWGHOLYHU\
WRWKHORZHU%HQJDO)DQVLQFHWKH0LGGOH3OHLVWRFHQH

+RZYDULDEOHDUHVHGLPHQWDFFXPXODWLRQUDWHVRQWKHORZHU%HQJDO)DQ1VLQFHWKH0LGGOH
3OHLVWRFHQH"$QGZKDWFDQEHVDLGDERXWWKHLUFRQWUROOLQJIDFWRUV"
7KHOLQNDJHRIWKHVHLVPLFVWUDWLJUDSK\ZLWKWKHQRYHODJHGHSWKPRGHOGHYHORSHGE\Reilly et 
al. (in prep)DOORZHGIRUDQ LPSRUWDQWDGYDQFHPHQW LQ WKHWUDQVHFW¶VFKURQRVWUDWLJUDSK\DQG
HQDEOHGXVWRUHILQHLWWRDaNDWLPHVFDOH7KHWKUHHKHPLSHODJLFOD\HUV%$5VHSDUDWH
6XEIDQ&LQWRIRXULQGLYLGXDOVXEXQLWV&&%\DSSO\LQJWKHDJHPRGHOWRWKHVHLVPLFGDWD
DFRQVWDQWLQFUHDVHRIVHGLPHQWDFFXPXODWLRQUDWHVXQLWWKLFNQHVVDQGODWHUDOH[WHQVLRQIURP
WKHROGHVW &PHDQDFF5DWH FPND WR WKH \RXQJHVW &PHDQDFF5DWHFPND
VXEXQLWZDV UHYHDOHG7KH LQFUHDVH LQDFFXPXODWLRQ UDWH LVDFFRPSDQLHGE\DQ LQFUHDVLQJ
FKDQQHOUHFXUUHQFHUDWHVDQGVHHPVWRUHPDLQVWHDG\WKURXJKRXWVHYHUDOJODFLDOLQWHUJODFLDO
F\FOHV6XFKFKDQJHVLQDFFXPXODWLRQUDWHPD\UHIOHFWDVRXUFHGULYHQVLJQDOVXFKDVDYDUL
DEOHPRQVRRQLQWHQVLW\7RFRUURERUDWHWKLVK\SRWKHVLVDGGLWLRQDOGDWDIURPXSDQGGRZQIDQ
LVUHTXLUHGWRWUDQVIHUWKHVHORFDOREVHUYDWLRQVWRWKHVRXUFHWRVLQNV\VWHPLQJHQHUDO



7KHILQGLQJVSUHVHQWHGLQWKLVWKHVLVDUHDYHU\LPSRUWDQWVWHSWRZDUGVDSURIRXQGXQGHUVWDQG
LQJRIWKHVRXUFHWRVLQNV\VWHP+LPDOD\DQ0RXQWDLQV±%HQJDO)DQ7KHHVWDEOLVKHGVHLVPLF
VWUDWLJUDSK\ZDVHVVHQWLDOIRUWKHUHILQHPHQWRIWKHFKURQRVWUDWLJUDSK\DQGZLOOFRQWLQXHWRSOD\
DQLPSRUWDQWUROHLQWKHFRKHUHQWLQWHUSUHWDWLRQRIWKHILQGLQJVIURPWKH,2'3VLWHV
7KLVWKHVLVJDYHULVHWRQHZTXHVWLRQVZKLFKPD\EHDGGUHVVHGE\IXWXUHUHVHDUFK

7KHVHGLPHQWDU\VHFWLRQDW1GDWHVEDFNWRWKH(DUO\WR0LGGOH0LRFHQHDQGWKHVHLVPLF
GDWDFOHDUO\ VKRZ WKHXQFRQIRUPLW\DW WKHEDVHRI WKH IDQDVVRFLDWHGZLWK WKH WLPHVRI IDQ
LQLWLDWLRQ([WHQGLQJWKHVWUDWLJUDSKLFFRQFHSWLQWRJUHDWHUGHSWKZLOOSHUPLWWRLQYHVWLJDWHFUXFLDO
DVSHFWVRI WKHHURVLRQDO KLVWRU\RI WKH+LPDOD\DDQG WKH UHODWLRQVKLSEHWZHHQHURVLRQDQG
FOLPDWHIOXFWXDWLRQVLQFOXGLQJDWKHH[DFWRQVHWRI+LPDOD\DQHURVLRQEWKHGLYHUVGLVFXVVHG
FKDQJHLQ+LPDOD\DQZHDWKHULQJFOLPDWHDQGOLWKRORJ\0DDJRFWKHLPSDFWRIWKHRQVHW
RI1RUWKHUQ+HPLVSKHUH*ODFLDWLRQRQHURVLRQDQGVHGLPHQWDWLRQDQGGWKHQDWXUHDQGWULJ
JHUPHFKDQLVPRI WKH WUDQVLWLRQ IURPRQO\VKHHWHG WXUELGLWHV WR WKHRQVHWRI FKDQQHOOHYHH
V\VWHPIRUPDWLRQLQWKH/DWH0LRFHQH
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,QRUGHUWRH[WHQGWKHVWUDWLJUDSK\LQWRJUHDWHUGHSWKLWZLOOEHFUXFLDOWRLQYHVWLJDWHWKHWHFWRQLF
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Appendix 1: Middle to Late Pleistocene Evolution of the Bengal 
Fan at 8° North: Integrating Core and Seismic Observations for 
IODP Expedition 354 Transect Chronostratigraphic Modeling 
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ĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐ ĨƌĂŵĞǁŽƌŬ ŝƐ ĞƐƚĂďůŝƐŚĞĚ ƵƐŝŶŐ ƌĞŐŝŽŶĂůůǇ ĞǆƚĞŶƐŝǀĞ ŚĞŵŝƉĞůĂŐŝĐ ƐĞĚŝŵĞŶƚ
ƵŶŝƚƐĂŶĚŽŶůǇĂŐĞͲĚĞƉƚŚŵŽĚĞůƐŽĨĨĂŶĚĞƉŽƐŝƚƐƚŚĂƚƌĞƐƉĞĐƚƚŚĞƐƵƉĞƌƉŽƐŝƚŝŽŶŽĨĐŚĂŶŶĞůͲůĞǀĞĞ
ƐǇƐƚĞŵƐďĞƚǁĞĞŶƐŝƚĞƐĂƌĞĂĐĐĞƉƚĞĚ͘/ŶĚŽŝŶŐƐŽ͕ǁĞƌĞĐŽŶƐƚƌƵĐƚƐŝŐŶĂůƐŽĨƌĞŐŝŽŶĂůƐĞĚŝŵĞŶƚĂĐͲ
ĐƵŵƵůĂƚŝŽŶƌĂƚĞĂŶĚůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚŝŶƉƵƚƚŚĂƚĂƌĞĐŽŶƐŝƐƚĞŶƚǁŝƚŚŵŽƌĞĚŝƐƚĂůĂŶĚŵŽƌĞĂŵͲ
ďŝŐƵŽƵƐĂǇŽĨĞŶŐĂůĂŶĚĞŶŐĂů&ĂŶƌĞĐŽƌĚƐ͘dŚŝƐĐŚƌŽŶŽůŽŐǇĂůůŽǁƐƵƐƚŽĚŝƐĐƵƐƐƚŚĞDŝĚĚůĞƚŽ
>ĂƚĞWůĞŝƐƚŽĐĞŶĞĞŶŐĂů&ĂŶĞǀŽůƵƚŝŽŶǁŝƚŚŝŶƚŚĞĐŽŶƚĞǆƚŽĨƐĞĂůĞǀĞů͕ĐůŝŵĂƚĞ͕ĂŶĚƚĞĐƚŽŶŝĐĐŽŶͲ
ƚƌŽůƐ͘tĞŚǇƉŽƚŚĞƐŝǌĞ͕ďĂƐĞĚŽŶƚŚĞƚŝŵŝŶŐŽĨĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞĐŚĂŶŐĞƐ͕ƚŚĂƚŐƌŽǁƚŚĂŶĚŝŶƚĞŶͲ
ƐŝĨŝĐĂƚŝŽŶŽĨƚŚĞĞŶŐĂů&ĂŶ͛ƐĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵĂƚϴΣEǁĂƐůĂƌŐĞůǇĚƌŝǀĞŶďǇŝŶĐƌĞĂƐĞƐŝŶƐĞĂ
ůĞǀĞůĂŵƉůŝƚƵĚĞĚƵƌŝŶŐƚŚŝƐƚŝŵĞ͘,ŽǁĞǀĞƌ͕ŝƚŝƐĂůƐŽƉŽƐƐŝďůĞĐŚĂŶŐĞƐŝŶWůĞŝƐƚŽĐĞŶĞĐůŝŵĂƚĞŽĐͲ
ĐƵƌƌŝŶŐĂƌŽƵŶĚƚŚĞƐĂŵĞƚŝŵĞŝŶĐƌĞĂƐĞĚ,ŝŵĂůĂǇĂŶĞƌŽƐŝŽŶƌĂƚĞƐ͕ƌĞƐƵůƚŝŶŐŝŶŐƌĞĂƚĞƌƐĞĚŝŵĞŶƚ
ĨůƵǆƚŽƚŚĞĨĂŶ͘




,QWURGXFWLRQ
dŚĞĞŶŐĂů&ĂŶŝƐƚŚĞĨŝŶĂůƐŝŶŬĨŽƌĂŚƵŐĞĞƌŽƐŝŽŶĂůƐǇƐƚĞŵ͕ĐŽŶƚĂŝŶŝŶŐƚŚĞŵŽƐƚĐŽŵƉůĞƚĞ
ƌĞĐŽƌĚŽĨ,ŝŵĂůĂǇĂŶĞƌŽƐŝŽŶƐŝŶĐĞƚŚĞĐŽůůŝƐŝŽŶŽĨ /ŶĚŝĂĂŶĚƐŝĂ ŝŶƚŚĞĞĂƌůǇĞŶŽǌŽŝĐ;ƵƌƌĂǇ͕
ϭϵϵϰ͖&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘,ŽǁĞǀĞƌ͕ƚŚĞĐůŝŵĂƚĞĂŶĚƚĞĐƚŽŶŝĐƐŝŐŶĂůƐƌĞĐŽƌĚĞĚŝŶƚŚĞƐĞ
ƐĞĚŝŵĞŶƚƐĂƌĞĐŽŶǀŽůǀĞĚĚƵƌŝŶŐƐĞĚŝŵĞŶƚƚƌĂŶƐƉŽƌƚƚŚƌŽƵŐŚƌŝǀĞƌƐ͕ĨůŽŽĚƉůĂŝŶƐ͕ĚĞůƚĂƐ͕ƚŚĞĐŽŶƚŝͲ
ŶĞŶƚĂůƐŚĞůĨ͕ĂŶĚƵůƚŝŵĂƚĞůǇƚŚĞĨĂŶ͛ƐĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵ͘hŶĚĞƌƐƚĂŶĚŝŶŐƚŚĞĐŽŵƉůĞƚĞŚŝƐƚŽƌǇ
ŽĨƚŚĞĞƌŽƐŝŽŶĂůƐǇƐƚĞŵŝƐŝŵƉŽƌƚĂŶƚĂƐƚŚĞƵƉůŝĨƚŽĨƚŚĞ,ŝŵĂůĂǇĂŝƐƚŚŽƵŐŚƚƚŽŚĂǀĞĂƐŝŐŶŝĨŝĐĂŶƚ
ŝŵƉĂĐƚŽŶŐůŽďĂůĐůŝŵĂƚĞŽǀĞƌƚŚĞĞŶŽǌŽŝĐ͕ŝŶĐůƵĚŝŶŐƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞƐŝĂŶŵŽŶƐŽŽŶĂů
ƐǇƐƚĞŵƐ ;ŚŝƐŚĞŶŐ Ğƚ Ăů͕͘ ϮϬϬϭͿ ĂƐ ǁĞůů ĂƐ ĐĂƌďŽŶ ƐĞƋƵĞƐƚƌĂƚŝŽŶ ďǇ ŝŶĐƌĞĂƐĞĚ ƐŝůŝĐĂƚĞŵŝŶĞƌĂů
ǁĞĂƚŚĞƌŝŶŐ;ZĂǇŵŽĂŶĚZƵĚĚŝŵĂŶ͕ϭϵϵϮͿĂŶĚ͕ŵŽƌĞŝŵƉŽƌƚĂŶƚůǇ͕ďƵƌŝĂůŽĨŽƌŐĂŶŝĐĐĂƌďŽŶŝŶŝƚƐ
ƌĞƐƵůƚŝŶŐĚĞĞƉͲƐĞĂĨĂŶƐĞĚŝŵĞŶƚƐ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĂŶĚĞƌƌǇ͕ϭϵϵϳͿ͘^ŽƵƌĐĞƚŽƐŝŶŬĐŽŵƉĂƌŝƐŽŶƐŽĨ
ŽƌŐĂŶŝĐĐĂƌďŽŶĐŽŶĐĞŶƚƌĂƚŝŽŶƐŝŶƌŝǀĞƌĂŶĚĨĂŶƐĞĚŝŵĞŶƚƐƐƵŐŐĞƐƚƐŶĞĂƌƉĞƌĨĞĐƚďƵƌŝĂůĞĨĨŝĐŝĞŶĐǇͶ
ŝŶůĂƌŐĞƉĂƌƚƌĞůĂƚĞĚƚŽƚŚĞǀĞƌǇŚŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐŽĨƚŚĞĞŶŐĂů&ĂŶĚĞƉŽƐŝƚŝŽŶĂůƐǇƐƚĞŵ
;'ĂůǇĞƚĂů͕͘ϮϬϬϳͿ͘zĞƚ͕ĐŽŵƉůĞǆŝƚŝĞƐŝŶĨĂŶĚĞƉŽƐŝƚŝŽŶĂůƉƌŽĐĞƐƐĞƐŵĂŬĞŝƚĚŝĨĨŝĐƵůƚƚŽƌĞĐŽŶƐƚƌƵĐƚ
ƚŝŵĞǀĂƌŝĂƚŝŽŶƐŝŶŝŶƚĞŐƌĂƚĞĚƐĞĚŝŵĞŶƚĨůƵǆĂŶĚŚŽǁƚŚĞƐĞĨůƵǆĞƐƚƌĂŶƐůĂƚĞƚŽƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂͲ
ƚŝŽŶĂŶĚĂƐƐŽĐŝĂƚĞĚŽƌŐĂŶŝĐĐĂƌďŽŶďƵƌŝĂůŽŶƚŚĞĨĂŶ͘dŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞWůĞŝƐƚŽĐĞŶĞŚŝƐƚŽƌǇŽĨƚŚŝƐ
ĚĞƉŽƐŝƚŝŽŶĂů ƐǇƐƚĞŵ͕ /ŶƚĞƌŶĂƚŝŽŶĂůKĐĞĂŶŝƐĐŽǀĞƌǇWƌŽŐƌĂŵ ;/KWͿĚƌŝůůĞĚĂ ƚƌĂŶƐĞĐƚŽĨ ƐĞǀĞŶ
ƐŝƚĞƐĂůŽŶŐϴΣEŽƌƚŚ;ΕϯϮϬŬŵ͖ϴϱ͘ϴϱΣʹϴϴ͘ϳϰΣĂƐƚͿĂŶĚĐĂƉƚƵƌĞĚĂƌĂŶŐĞŽĨůŝƚŚŽůŽŐŝĐƵŶŝƚƐ͕ŝŶͲ
ĐůƵĚŝŶŐůŽǁĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚƐĂŶĚŚŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞĐŚĂŶŶĞůͲůĞǀĞĞŝŶͲ
ĨůƵĞŶĐĞĚĚĞƉŽƐŝƚƐǁŚŝĐŚƐƉĂŶĂƚůĞĂƐƚƚŚĞůĂƐƚΕϭ͘ϮϱDĂĂƚĂůůƐŝƚĞƐ;&ŝŐƵƌĞƐϭͲϯ͖dĂďůĞϭ͖&ƌĂŶĐĞͲ
>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘
ĨƵŶĚĂŵĞŶƚĂůƉƌŽďůĞŵŝŶǀĞƐƚŝŐĂƚĞĚďǇƚŚŝƐƐƚƵĚǇŝƐƚŚĂƚƚƌĂĚŝƚŝŽŶĂůĂŐĞͲĚĞƉƚŚŵŽĚĞůŝŶŐĂƉͲ
ƉƌŽĂĐŚĞƐĨŽƌĚĞƉŽƐŝƚŝŽŶĂůƐǇƐƚĞŵƐůŝŬĞƚŚĞĞŶŐĂů&ĂŶŚĂǀĞƚƌŽƵďůĞƌĞĐŽŶƐƚƌƵĐƚŝŶŐĂĐĐƵŵƵůĂƚŝŽŶ
ƌĂƚĞƐƚŚĂƚǀĂƌǇďǇŽƌĚĞƌƐŽĨŵĂŐŶŝƚƵĚĞďĞƚǁĞĞŶŝŶƚĞƌďĞĚĚĞĚůŝƚŚŽůŽŐŝĐƵŶŝƚƐ͘dŚŝƐŝƐĞƐƉĞĐŝĂůůǇƚƌƵĞ
ǁŚĞŶĂŐĞĐŽŶƚƌŽůĂƚĂŶǇŽŶĞƐŝƚĞŝƐůŝŵŝƚĞĚ͕ĂƐǁĂƐƚŚĞĐĂƐĞĨŽƌƚŚĞƐĞǀĞŶƐŝƚĞƐŝŶƚŚĞǆƉĞĚŝƚŝŽŶ
Appendix 

III 

ϯϱϰϴΣEƚƌĂŶƐĞĐƚ͘KŶĞĐĂŶŶŽƚĂƐƐŝŐŶĂƐŝŶŐůĞƐĞĚŝŵĞŶƚĂƚŝŽŶƌĂƚĞƉƌŝŽƌ;Ğ͘Ő͘ůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ͕
ϮϬϭϭͿĂƐĂŶĂĚĚŝƚŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƚŽƉƌŽĚƵĐĞŵŽƌĞƌĞĂůŝƐƚŝĐƵŶĐĞƌƚĂŝŶƚǇŶŽƌƐŚŽƵůĚŽŶĞĂůůŽǁĨŽƌ
ŶĞĂƌůǇĞǀĞƌǇƉŽƐƐŝďůĞŵŽŶŽƚŽŶŝĐĂŐĞͲĚĞƉƚŚĐŽŵďŝŶĂƚŝŽŶ;Ğ͘Ő͘,ĂƐůĞƚƚĂŶĚWĂƌŶĞůů͕ϮϬϬϴͿ͕ĂƐƚŚŝƐ
ŝŐŶŽƌĞƐĨŝƌƐƚŽƌĚĞƌŐĞŽůŽŐŝĐŽďƐĞƌǀĂƚŝŽŶƐƚŚĂƚŵĂŬĞĂŵĂũŽƌŝƚǇŽĨƚŚĞƐĞƐĐĞŶĂƌŝŽƐƵŶƌĞĂƐŽŶĂďůĞ͘/ƚ
ǁŽƵůĚĂůƐŽďĞĐŚĂůůĞŶŐŝŶŐƚŽĐƌĞĂƚĞĂŐĞͲĚĞƉƚŚŵŽĚĞůƐĨŽƌĞĂĐŚƵŶŝƚŝŶĚĞƉĞŶĚĞŶƚůǇ͕ĂƐŵĂŶǇŽĨƚŚĞ
ĨĂŶƵŶŝƚƐĂŶĚƚŚŝŶĐĂůĐĂƌĞŽƵƐĐůĂǇƵŶŝƚƐĚŽŶŽƚŚĂǀĞƌĞůŝĂďůĞĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐŵĂƌŬĞƌƐŶŽƌĐŽŶͲ
ƐƚƌĂŝŶƚƐŽŶƚŚĞŝƌƐƚĂƌƚĂŶĚĞŶĚƚŝŵĞƐ͘
dŽĞǆƉůŽƌĞĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞǀĂƌŝĂƚŝŽŶƐĨŽƌƚŚĞůĂƐƚϭ͘ϮϱDĂĂŶĚǁŽƌŬƚŽǁĂƌĚƐĂĐŽŵƉůĞƚĞ
ϴΣEĞŶŐĂů&ĂŶĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐĨƌĂŵĞǁŽƌŬĨŽƌĨƵƚƵƌĞƐƚƵĚŝĞƐ͕ǁĞĞŵƉůŽǇĂƐǇƐƚĞŵƐƉĞĐŝĨŝĐ
ĂŐĞͲĚĞƉƚŚŵŽĚĞůŝŶŐĂƉƉƌŽĂĐŚƚŚĂƚŝƐŝŶƐƉŝƌĞĚďǇǁĞůůͲĞƐƚĂďůŝƐŚĞĚŵĞƚŚŽĚƐƚŽĂĚĚƌĞƐƐƵŶĐĞƌƚĂŝŶƚǇ
;ůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ͕ϮϬϭϭͿďƵƚĂůƐŽŝŶĐŽƌƉŽƌĂƚĞƐĞǆƉĞƌƚŬŶŽǁůĞĚŐĞĂďŽƵƚƚŚĞĞŶŐĂů&ĂŶ͘^ĞĚŝͲ
ŵĞŶƚƐĚĞƉŽƐŝƚĞĚďǇĨĂŶŽƌŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚŝŽŶĂůƉƌŽĐĞƐƐĞƐĂƌĞŽďũĞĐƚŝǀĞůǇŝĚĞŶƚŝĨŝĞĚďĂƐĞĚŽŶ
ƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐĂŶĚĞĂĐŚůŝƚŚŽůŽŐǇŝƐŵŽĚĞůĞĚƵƐŝŶŐĚŝĨĨĞƌĞŶƚƐƚƌĂƚĞŐŝĞƐ͘dŚĞůĂǁŽĨƐƵƉĞƌƉŽƐŝͲ
ƚŝŽŶƉƌŽǀŝĚĞƐĂĚĚŝƚŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƐŝŶĨĂŶĚĞƉŽƐŝƚƐǁŝƚŚĨĞǁ͕ŝĨĂŶǇƐŝƚĞďĂƐĞĚĐŽŶƐƚƌĂŝŶƚƐ͕ďǇƐŽůǀͲ
ŝŶŐĨŽƌĂůůƐĞǀĞŶƐŝƚĞƐƐŝŵƵůƚĂŶĞŽƵƐůǇĂŶĚŽŶůǇĂĐĐĞƉƚŝŶŐƐŽůƵƚŝŽŶƐƚŚĂƚƌĞƐƉĞĐƚƚŚĞĐŚĂŶŶĞůͲůĞǀĞĞ
ƐƚĂĐŬŝŶŐƉĂƚƚĞƌŶĚĞĨŝŶĞĚďǇĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉ͘ͿϮ;&ŝŐƵƌĞϮͿ͘KƵƌƌĞƐƵůƚƐĂůůŽǁĨŽƌƌĞĐŽŶƐƚƌƵĐͲ
ƚŝŽŶŽĨƚŚĞƚŝŵĞǀĂƌŝĂƚŝŽŶŝŶŝŶƚĞŐƌĂƚĞĚƐĞĚŝŵĞŶƚĨůƵǆĂƚϴΣEŽƌƚŚďĞƚǁĞĞŶϴϱ͘ϴϱŽĂŶĚϴϴ͘ϳϰŽĂƐƚ
ĂŶĚĂůůŽǁƵƐƚŽĂƐƐĞƐƐŚŽǁƌĞƉƌĞƐĞŶƚĂƚŝǀĞĂƐŝŶŐůĞƐŝƚĞĂŶĚͬŽƌƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶƐĞĐƚŝƐĨŽƌ
ƌĞĐŽŶƐƚƌƵĐƚŝŶŐƉĂƐƚĚǇŶĂŵŝĐƐŽĨƚŚĞĞŶŐĂů&ĂŶ͘/ŵƉůŝĐĂƚŝŽŶƐĨŽƌĨĂŶĞǀŽůƵƚŝŽŶĂŶĚĂƐƐŽĐŝĂƚĞĚƐĞĚͲ
ŝŵĞŶƚĂƌǇƉƌŽĐĞƐƐĞƐĂƌĞĚŝƐĐƵƐƐĞĚŝŶŐƌĞĂƚĞƌĚĞƚĂŝůďǇĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉ͘Ϳ͕ǁŚŝůĞŚĞƌĞǁĞ
ĨŽĐƵƐŽŶƚŚĞƚŝŵŝŶŐŽĨĚĞƉŽƐŝƚŝŽŶĂůĐŚĂŶŐĞƐŝŶƌĞůĂƚŝŽŶƚŽWůĞŝƐƚŽĐĞŶĞĐůŝŵĂƚĞĂŶĚƐĞĂůĞǀĞů͘



&ŝŐƵƌĞϭ͘>ŽĐĂƚŝŽŶƐŽĨĂǇŽĨĞŶŐĂůĂŶĚĞŶŐĂů&ĂŶĂƌĐŚŝǀĞƐ͕ŝŶĐůƵĚŝŶŐƚŚĞ/KWǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶƐĞĐƚ
;ŽƌĂŶŐĞͿ͕/KWǆƉĞĚŝƚŝŽŶϯϱϯhϭϰϰϰ;ďůƵĞͿ͕^KϵϯĐŽƌĞƐ;ǇĞůůŽǁͿ͕KW>ĞŐϭϭϲƐŝƚĞƐ;ƉŝŶŬͿ͕ĂŶĚKW>ĞŐ
ϭϮϭ^ŝƚĞϳϱϴ;ǁŚŝƚĞͿ͘

7KHKHUHUHIHUHQFHGPDQXVFULSWLQSUHSDUDWLRQUHIHUVWR&KDSWHURIWKLVWKHVLV
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dĂďůĞϭ͘/KWǆƉĞĚŝƚŝŽŶϯϱϰ,ŽůĞƐƵƐĞĚŝŶƚŚŝƐƐƚƵĚǇ
,ŽůĞ >ĂƚŝƚƵĚĞ;ȗEͿ >ŽŶŐŝƚƵĚĞ;ȗͿ tĂƚĞƌĞƉƚŚ;ŵͿ
DĞƚĞƌƐƵƐĞĚŝŶŵŽĚĞůͬ
ĐůƵƐƚĞƌĂŶĂůǇƐŝƐ;ƚŽƚĂůƉĞŶĞƚƌĂƚŝŽŶͿ
hϭϰϰϵ ϴ͘Ϭϭ ϴϴ͘ϭϭ ϯϲϱϮ͘ϳ ϭϮϬ;Ϯϭϯ͘ϱͿ
hϭϰϱϬ ϴ͘Ϭϭ ϴϳ͘ϲϳ ϯϲϱϱ͘ϯ ϭϵϬ;ϲϴϳ͘ϰͿ
hϭϰϱϭ ϴ͘Ϭϭ ϴϴ͘ϳϰ ϯϲϬϳ͘ϯ ϭϭϬ;ϱϴϮ͘ϭͿ
hϭϰϱϮ ϴ͘Ϭϭ ϴϳ͘ϭϴ ϯϲϳϬ͘ϯ ϭϵϱ;Ϯϭϳ͘ϳͿ
hϭϰϱϯ ϴ͘Ϭϭ ϴϲ͘ϳϵ ϯϲϳϵ͘ϱ ϭϴϬ;Ϯϭϱ͘ϳͿ
hϭϰϱϰ ϴ͘Ϭϭ ϴϱ͘ϴϱ ϯϳϭϬ͘ϯ ϭϳϬ;ϭϲϭ͘ϴͿ
hϭϰϱϱΎ ϴ͘Ϭϭ ϴϲ͘Ϯϴ ϯϳϯϮ͘ϱ ϭϭϬ;ϵϰϵ͘ϬͿ
Ύ/KW^ŝƚĞhϭϰϱϱŝƐƚŚĞƌĞŽĐĐƵƉĂƚŝŽŶŽĨ^W^ŝƚĞϮϭϴ͕ĚƌŝůůĞĚĚƵƌŝŶŐ>ĞŐϮϮ͘

7KH3OHLVWRFHQH%HQJDO)DQ
^ŝŶĐĞƚŚĞůĂƚĞDŝŽĐĞŶĞ͕ƐĞĚŝŵĞŶƚƐŚĂǀĞďĞĞŶƚƌĂŶƐƉŽƌƚĞĚďǇƚƵƌďŝĚŝƚǇĐƵƌƌĞŶƚƐĂůŽŶŐĐŚĂŶͲ
ŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐƚŽϴΣE;^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͕ƚŚĂƚŝŶĂƚ ůĞĂƐƚƌĞĐĞŶƚƚŝŵĞƐƐĞĞŵƚŽďĞ
ƐŽƵƌĐĞĚƚŽĂƐŝŶŐůĞƐŚĞůĨĐĂŶǇŽŶĂŶĚĞǆƚĞŶĚƚŚĞϮϱϬϬŬŵůĞŶŐƚŚŽĨƚŚĞĨĂŶǁŝƚŚŽƵƚďŝĨƵƌĐĂƚŝŽŶ
;ƵƌƌĂǇĂŶĚDŽŽƌĞ͕ϭϵϳϰ͖tĞďĞƌĞƚĂů͕͘ϭϵϵϳ͖ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯͿ͘KŶWůĞŝƐƚŽĐĞŶĞƚŝŵĞƐĐĂůĞƐ͕ĨƌĞͲ
ƋƵĞŶƚ ĐŚĂŶŶĞů ĂǀƵůƐŝŽŶƐ ŚĂǀĞ ĐĂƵƐĞĚ ƚŚĞŵŝŐƌĂƚŝŽŶ ŽĨ ĂĐƚŝǀĞ ĚĞƉŽƐŝƚŝŽŶ ĂĐƌŽƐƐ ƚŚĞ ĞŶƚŝƌĞ ĨĂŶ
;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͖͘ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯ͖^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘ĞŶŐĂů&ĂŶĐŚĂŶŶĞůƐ
ĂƌĞĚĞĞƉůǇŝŶĐŝƐĞĚŝŶƚŽƵŶĚĞƌůǇŝŶŐĚĞƉŽƐŝƚƐĂŶĚƐŚŽǁǀĞƌƚŝĐĂůĂŐŐƌĞŐĂƚŝŽŶĂŶĚůĂƚĞƌĂůŵŝŐƌĂƚŝŽŶ
;^ĐŚǁĞŶŬĞƚĂů͕͘ϮϬϬϯ͕ϮϬϬϱͿ͘&ĂŶĚĞƉŽƐŝƚŝŽŶĂůƉƌŽĐĞƐƐĞƐŝŶĐůƵĚĞƚŚĞŽǀĞƌƐƉŝůůŝŶŐĂŶĚĨůŽǁͲƐƚƌŝƉͲ
ƉŝŶŐŽĨĐŚĂŶŶĞůŝǌĞĚƚƵƌďŝĚŝƚǇĐƵƌƌĞŶƚƐ͕ǁŚŝĐŚďƵŝůĚĐŚĂŶŶĞůůĞǀĞĞƐ͕ĚĞƉŽƐŝƚŝŶƚĞƌͲĐŚĂŶŶĞůƐŚĞĞƚͲ
ůŝŬĞƚƵƌďŝĚŝƚĞƐ͕ĂŶĚͬŽƌĚĞƉŽƐŝƚŵĂƐƐŝǀĞƐĂŶĚƐ;WŝƉĞƌĂŶĚEŽƌŵĂƌŬ͕ϭϵϴϯ͖^ĐŚǁĞŶŬĞƚĂů͕͘ϮϬϬϱͿ͘
WƌŽǆŝŵŝƚǇƚŽƚŚĞĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵŝƐƚŚĞƉƌŝŵĂƌǇĐŽŶƚƌŽůŽŶƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞ͘ĐͲ
ĐŽƌĚŝŶŐůǇ͕ŶŽƐŝŶŐůĞĚƌŝůůƐŝƚĞƐŚŽƵůĚďĞĞǆƉĞĐƚĞĚƚŽĐŽŶƚĂŝŶĂĐŽŵƉůĞƚĞƌĞĐŽƌĚŽĨĨĂŶĚĞƉŽƐŝƚŝŽŶ
ŽŶƚŝŵĞƐĐĂůĞƐůŽŶŐĞƌƚŚĂŶƚŚĞůŝĨĞŽĨĂƐƚĂďůĞĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵ͘
tŚŝůĞŝƚŝƐůŝŬĞůǇƚŚĂƚƚŚĞŚŝŐŚĞƐƚĨůƵǆĞƐŽĨƐĞĚŝŵĞŶƚǁĞƌĞĚĞůŝǀĞƌĞĚƚŽƚŚĞĨĂŶĚƵƌŝŶŐƐĞĂͲůĞǀĞů
ůŽǁƐƚĂŶĚƐ;ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯͿ͕ĚŝƌĞĐƚƌĂĚŝŽĐĂƌďŽŶĚĂƚŝŶŐŽĨůĂƚĞWůĞŝƐƚŽĐĞŶĞĂŶĚ,ŽůŽĐĞŶĞůĞǀĞĞ
ƚƵƌďŝĚŝƚĞƐ;^KϵϯŽƌĞƐϭϭϳͲϭϮϬ<>͕Εϭϲ͘ϱΣEͿĚĞŵŽŶƐƚƌĂƚĞĐŽŶƚŝŶƵĞĚƐĞĚŝŵĞŶƚŝŶƉƵƚƚŚƌŽƵŐŚƚŚĞ
ĚĞŐůĂĐŝĂůƐĞĂͲůĞǀĞůƌŝƐĞĂŶĚ,ŽůŽĐĞŶĞƐĞĂůĞǀĞůŚŝŐŚƐƚĂŶĚ͕ǁŝƚŚŽƵƚĞƌůĞǀĞĞůŽŶŐͲƚĞƌŵĂĐĐƵŵƵůĂͲ
ƚŝŽŶƌĂƚĞƐĂƌŽƵŶĚϳϬĐŵͬŬĂ͕ďƵƚŽĨƚĞŶĞǆĐĞĞĚŝŶŐϭϬϬĐŵͬŬĂǁŚŝůĞƐĞĂůĞǀĞůƌŽƐĞ͕ĂŶĚůŽŶŐͲƚĞƌŵ
ĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĨƌŽŵĂůŽĐĂƚŝŽŶǀĞƌǇƉƌŽǆŝŵĂůƚŽƚŚĞĂĐƚŝǀĞĐŚĂŶŶĞůǁĞƌĞĂƌŽƵŶĚϭϮϬĐŵͬŬĂ
ĨŽƌ ƚŚĞ ůĂƐƚϵ͘ϲŬĂ ;,ĞŝŶĞƚĂů͕͘ϮϬϭϳ͖tĞďĞƌĞƚĂů͕͘ϭϵϵϳͿ͘^ŝŵŝůĂƌ ƌĂĚŝŽĐĂƌďŽŶͲďĂƐĞĚĞƐƚŝŵĂƚĞƐ
ƉƌĞĐĞĚŝŶŐƚŚĞĚĞŐůĂĐŝĂůƐĞĂůĞǀĞůƌŝƐĞĂƌĞŶŽƚĂǀĂŝůĂďůĞĂƚƚŚŝƐƚŝŵĞ͘
WƌĞǀŝŽƵƐĞĨĨŽƌƚƐŚĂǀĞŚĂĚĚŝĨĨŝĐƵůƚǇĂƐƐŝŐŶŝŶŐĂŐĞƐĂŶĚƵŶĂŵďŝŐƵŽƵƐƌĞůĂƚŝŽŶƐŚŝƉƐŽĨƉĂůĞŽͲ
ĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐ͕ƐŚĞůĨͲĐĂŶǇŽŶƐ͕ĂŶĚĚĞƉŽĐĞŶƚĞƌƐƉĂƚŝĂůĞǆƚĞŶƚƐ͘,ŽǁĞǀĞƌ͕ƐĞŝƐŵŝĐĞǀŝĚĞŶĐĞ
ĨƌŽŵƚŚĞƵƉƉĞƌͲůŽǁĞƌĨĂŶƐƵŐŐĞƐƚƐƚŚĂƚĂƐĞƌŝĞƐŽĨ͚ƐƵďĨĂŶƐ͕͛ƌĞƐƵůƚŝŶŐĨƌŽŵƐƉĂƚŝĂůƌĞƐƚƌŝĐƚŝŽŶŽĨ
ƚŚĞĂĐƚŝǀĞĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐĨŽƌƚŝŵĞƐĐĂůĞƐƌĂŶŐŝŶŐĨƌŽŵĂďŽƵƚϮϱϬͲϱϬϬŬĂ͕ŽĐĐƵƌƌĞĚĚƵƌŝŶŐ
ƚŚĞWůĞŝƐƚŽĐĞŶĞ;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͖͘ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯ͖^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘ƵƌŝŶŐ
ƉĞƌŝŽĚƐŽĨůŽĐĂůĨĂŶŝŶĂĐƚŝǀŝƚǇ͕ǁŚĞŶƐĞĚŝŵĞŶƚƌŽƵƚŝŶŐŵŽǀĞƐƚŚĞĂĐƚŝǀĞĨĂŶĚĞƉŽĐĞŶƚĞƌĞůƐĞǁŚĞƌĞ͕
ĐĂůĐĂƌĞŽƵƐ ĐůĂǇ ƐĞĚŝŵĞŶƚƐĚƌĂƉĞ ŝŶĂĐƚŝǀĞ ĐŚĂŶŶĞůͲůĞǀĞĞ ƐǇƐƚĞŵƐĂŶĚŽƚŚĞƌ ĨĂŶĚĞƉŽƐŝƚƐ ;ĞƌŐͲ
ŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͖͘tĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘dŚĞƐĞƚǇƉĞƐŽĨƐĞĚŝŵĞŶƚĂƌĞǁĞůůĚŽĐƵŵĞŶƚĞĚŝŶ
ƚŚĞƵƉƉĞƌ ƐƚƌĂƚŝŐƌĂƉŚǇŽĨ ĐŽƌĞ^KϵϯͲϰϳ<> ;ϭϭ͘ϭϴΣEͿ͕ǁŚĞƌĞ ƚƵƌďŝĚŝƚŝĐĂĐƚŝǀŝƚǇ ĐĞĂƐĞĚΕϬ͘ϯDĂ
Appendix 

V 

;tĞďĞƌĞƚĂů͕͘ϮϬϬϯͿĂŶĚhϭϰϱϮͲϭ,;ϴΣEͿ͕ǁŚĞƌĞĨĂŶŝŶĨůƵĞŶĐĞĚƐĞĚŝŵĞŶƚƐĐĞĂƐĞĚĚĞƉŽƐŝƚŝŽŶ
ΕϬ͘ϮDĂ;tĞďĞƌĞƚĂů͕͘ϮϬϭϴͿ͘dŚĞƐĞŽďƐĞƌǀĂƚŝŽŶƐƉƌŽǀŝĚĞĐŽŶƐƚƌĂŝŶƚƐ ĨŽƌ ƚŚĞĂďĂŶĚŽŶŵĞŶƚŽĨ
ůŽĐĂů ĐŚĂŶŶĞůͲůĞǀĞĞ ƐǇƐƚĞŵƐ ŽŶ ƚŚĞ ĞĂƐƚĞƌŶ ĨĂŶ ďĞĨŽƌĞ ƚŚĞ >ĂƚĞ WůĞŝƐƚŽĐĞŶĞŵŽǀĞŵĞŶƚ ŽĨ ƚŚĞ
ĚĞƉŽĐĞŶƚĞƌƚŽƚŚĞŵŽƌĞǁĞƐƚĞƌŶĨĂŶĚŽĐƵŵĞŶƚĞĚŝŶƐĞŝƐŵŝĐĚĂƚĂ;^ƵďĨĂŶŽĨĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶ
ƉƌĞƉ͖͘^ƵďĨĂŶϭŽĨ^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘
WƌŝŽƌ ƚŽ ƐĞĚŝŵĞŶƚƐ ƌĞĐŽǀĞƌĞĚ ĚƵƌŝŶŐ /KW ǆƉĞĚŝƚŝŽŶ ϯϱϰ ĞŶŐĂů &ĂŶ͕ Ăůů ŽůĚĞƌ ĂŐĞ ĐŽŶͲ
ƐƚƌĂŝŶƚƐĨŽƌƚŚĞWůĞŝƐƚŽĐĞŶĞĞǀŽůƵƚŝŽŶŽĨƚŚĞƵƉƉĞƌͲůŽǁĞƌĞŶŐĂů&ĂŶǁĞƌĞƌŽŽƚĞĚŝŶƚŚĞƐƚƌĂƚŝŐƌĂͲ
ƉŚǇŽĨĞĞƉ^ĞĂƌŝůůŝŶŐWƌŽŐƌĂŵ;^WͿ^ŝƚĞϮϭϴ͕ǁŚŝĐŚƐƵĨĨĞƌĞĚƉĂƌƚŝĂůĐŽƌŝŶŐĂŶĚůŽǁƌĞĐŽǀĞƌǇ
;ϱϵ͘ϰŵŽĨƐĞĚŝŵĞŶƚĨƌŽŵĂϳϳϯŵŚŽůĞͿ͕ ůŝŵŝƚĞĚďŝŽƐƚƌĂƚŝŐƌĂƉŚŝĐĐŽŶƐƚƌĂŝŶƚƐ͕ĂŶĚĂŵďŝŐƵŝƚǇ ŝŶ
ĐŽƌĞͲƐĞŝƐŵŝĐĐŽŵƉĂƌŝƐŽŶďĞǇŽŶĚƉƌŽŵŝŶĞŶƚĐŽŶƚŝŶƵŽƵƐƌĞĨůĞĐƚŽƌƐ ;sŽŶĚĞƌŽƌĐŚĞƚĂů͕͘ϭϵϳϰͿ͘
tŚŝůĞƚŚŝƐǁĂƐƐƵĨĨŝĐŝĞŶƚƚŽŐĞƚĂƐĞŶƐĞĨŽƌůŽŶŐͲƚĞƌŵƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƚƚŚĂƚƐŝƚĞĂŶĚ
ƚŽƉƌŽǀŝĚĞĨŝƌƐƚŽƌĚĞƌĂŐĞĞƐƚŝŵĂƚĞƐŽĨWůĞŝƐƚŽĐĞŶĞĚĞƉŽĐĞŶƚĞƌĐŚĂŶŐĞƐǁŝƚŚŝŶƚŚĞĐŽŶƚĞǆƚŽĨƐĞŝƐͲ
ŵŝĐĚĂƚĂ;ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯ͖^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͕ŝƚƐĐŚƌŽŶŽůŽŐǇĐŽƵůĚŶŽƚĐŽŶƐƚƌĂŝŶĨĂŶ
ĚǇŶĂŵŝĐƐŽŶϭϬͲϭϬϬŬǇƌƚŝŵĞƐĐĂůĞƐǁŚŝĐŚĂƌĞŝŵƉŽƌƚĂŶƚĨŽƌƵŶĚĞƌƐƚĂŶĚŝŶŐĨĂŶĞǀŽůƵƚŝŽŶŝŶƚŚĞ
ĐŽŶƚĞǆƚŽĨWůĞŝƐƚŽĐĞŶĞƐĞĂůĞǀĞůĂŶĚĐůŝŵĂƚĞ͘
dŚĞƌĞĂƌĞĐůƵĞƐƚŚĂƚŵĂũŽƌĐŚĂŶŐĞƐŝŶĨĂŶĚĞƉŽƐŝƚŝŽŶŽĐĐƵƌƌĞĚĚƵƌŝŶŐƚŚĞWůĞŝƐƚŽĐĞŶĞ͘ZĞƐƵůƚƐ
ĨƌŽŵKĐĞĂŶƌŝůůŝŶŐWƌŽŐƌĂŵ;KWͿ>ĞŐϭϭϲ^ŝƚĞƐϳϭϳĂŶĚϳϭϵŽŶƚŚĞĚŝƐƚĂůĞŶŐĂů&ĂŶ;ΕϭŽ^Ϳ
ƐŚŽǁĂƐŝŐŶŝĨŝĐĂŶƚŝŶĐƌĞĂƐĞŝŶƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐďĞƚǁĞĞŶƚŚĞůĂƐƚŽĐĐƵƌƌĞŶĐĞƐŽĨƐŵĂůů
'ĞƉŚǇƌŽĐĂƉƐĂƐƉƉ͘ĚŽŵŝŶĂŶĐĞ ;Εϭ͘ϬϮDĂͿĂŶĚWƐƵĞĚŽĞŵŝůŝĂŶŝĂ ůĂĐƵŶŽƐĂ;ΕϬ͘ϰϰDĂͿ͕ŽĨƚĞŶƌĞͲ
ƉŽƌƚĞĚĂƐŽĐĐƵƌƌŝŶŐĂƚϬ͘ϴDĂ͕ǁŝƚŚůŽŶŐƚĞƌŵĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐƐǁŝƚĐŚŝŶŐĨƌŽŵǀĂůƵĞƐŽŶƚŚĞ
ŽƌĚĞƌŽĨϭϬϬĐŵͬŬĂŝŶƚŚĞĞĂƌůǇĂŶĚŵŝĚĚůĞWůĞŝƐƚŽĐĞŶĞƚŽŽŶƚŚĞŽƌĚĞƌŽĨϭϬϭĐŵͬŬĂĂĨƚĞƌƚŚĞ
ƐǁŝƚĐŚ;'ĂƌƚŶĞƌ͕ϭϵϵϬ͖ĂŐĞƐƵƉĚĂƚĞĚĂĐĐŽƌĚŝŶŐƚŽ'ƌĂĚƐƚĞŝŶĞƚĂů͕͘ϮϬϭϮͿ͘dŚŝƐĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞ
ĐŚĂŶŐĞǁĂƐĂĐĐŽŵƉĂŶŝĞĚďǇƐĞĚŝŵĞŶƚŽůŽŐŝĐĂůĐŚĂŶŐĞƐƚŚĂƚĐŽƵůĚďĞŝŶƚĞƌƉƌĞƚĞĚĂƐĂĐŚĂŶŐĞŝŶ
ƚŚĞǁĞĂƚŚĞƌŝŶŐƌĞŐŝŵĞŽĨƚŚĞ,ŝŵĂůĂǇĂŶĂŶĚĨůŽŽĚƉůĂŝŶщƐŽƵƌĐĞƌĞŐŝŽŶƐ͕ďƵƚ͕ǁŝƚŚŝŶƚŚĞĐŽŶƚĞǆƚ
ŽĨŵŽƌĞƌĞĐĞŶƚĚƌŝůůŝŶŐ͕ƚŚĞůŝƚŚŽůŽŐŝĐĐŚĂŶŐĞƐĂƌĞŵŽƌĞůŝŬĞůǇĂƌĞĨůĞĐƚŝŽŶŽĨŚŽǁƐĞĚŝŵĞŶƚƐĂƌĞ
ƚƌĂŶƐƉŽƌƚĞĚƚŚƌŽƵŐŚƚŚĞĨĂŶ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲ͕ϭϵϵϯͿ͘
WĞƌŚĂƉƐƚŚĞďĞƐƚĚĂƚĞĚĐŽŵƉůĞƚĞWůĞŝƐƚŽĐĞŶĞƌĞĐŽƌĚĨƌŽŵƚŚĞƌĞŐŝŽŶŝƐKW>ĞŐϭϮϭ^ŝƚĞϳϱϴ
ŽŶƚŚĞEŝŶĞƚǇĞĂƐƚZŝĚŐĞ;ϱ͘ϯϴΣE͖ƌĞĐĞŶƚůǇƌĞĚƌŝůůĞĚĂƐ /KW^ŝƚĞhϭϰϰϯ͖ůĞŵĞŶƐĞƚĂů͕͘ϮϬϭϲͿ͕
ǁŚŽƐĞďĞŶƚŚŝĐɷϭϴKƌĞĐŽƌĚ;ŚĞŶĞƚĂů͕͘ϭϵϵϱͿǁĂƐƵƐĞĚŝŶƚŚĞĐŽŶƐƚƌƵĐƚŝŽŶŽĨƚŚĞ>ZϬϰĞŶƚŚŝĐ
ɷϭϴKƐƚĂĐŬ;>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ͕ϮϬϬϱͿ͘tŚŝůĞŶŽĨĂŶĚĞƉŽƐŝƚƐĂƌĞĨŽƵŶĚŝŶƚŚĞŵŽƐƚůǇƉĞůĂŐŝĐƐƚƌĂͲ
ƚŝŐƌĂƉŚǇŽĨ^ŝƚĞϳϱϴ͕ƌĞƐĞĂƌĐŚĞƌƐŚĂǀĞĂƌŐƵĞĚƚŚĂƚĐŚĂŶŐĞƐŝŶƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨůŝƚŚŽŐĞŶŝĐƐĞĚͲ
ŝŵĞŶƚƐ͕ƚƌĂĐŬĞĚďǇŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇ;D^Ϳ͕ƌĞĨůĞĐƚĂƌĞŐŝŽŶĂůůǇŝŶƚĞŐƌĂƚĞĚƐŝŐŶĂůŽĨĐůŝŵĂƚĞ͕
ƚĞĐƚŽŶŝĐ͕ ĂŶĚͬŽƌ ƐĞĂ ůĞǀĞů ĐŽŶƚƌŽůůĞĚ ŝŶƉƵƚƐ ƚŽ ƚŚĞ ĂǇ ŽĨ ĞŶŐĂů ĂŶĚ ĞŶŐĂů &ĂŶ ;&ĂƌƌĞůů ĂŶĚ
:ĂŶĞĐĞŬ͕ϭϵϵϭ͖<ůŽŽƚǁŝũŬĞƚĂů͕͘ϭϵϵϮ͖WƌĞůůĂŶĚ<ƵƚǌďĂĐŚ͕ϭϵϵϳ͖ŚŝƐŚĞŶŐĞƚĂů͕͘ϮϬϬϭͿ͘ /ƐŽƚŽƉŝĐ
ĞǀŝĚĞŶĐĞĨƌŽŵΕϯͲϯϰŬĂƐĞĚŝŵĞŶƚƐŽĨƚŚĞEŝŶĞƚǇĞĂƐƚZŝĚŐĞƐƵŐŐĞƐƚƐƚŚĂƚƚŚĞůŝƚŚŽŐĞŶŝĐĨƌĂĐƚŝŽŶ
ŵĂǇďĞĂŵŝǆŽĨ'ĂŶŐĞƐĂŶĚƌĂŚŵĂƉƵƚƌĂƐŽƵƌĐĞƐ͕ƚŚĞƉƌŝŵĂƌǇƐŽƵƌĐĞƐƚŽĞŶŐĂů&ĂŶ^KϵϯŽƌĞƐ
ϭϭϳͲϭϮϬ<>ůĞǀĞĞƐĞĚŝŵĞŶƚƐ;,ĞŝŶĞƚĂů͕͘ϮϬϭϳ͖>ƵƉŬĞƌĞƚĂů͕͘ϮϬϭϯͿ͕ĂŶĚŽƚŚĞƌƌŝǀĞƌƐǇƐƚĞŵƐůŝŬĞƚŚĞ
/ƌƌĂǁĂĚĚǇ;ŚŵĂĚĞƚĂů͕͘ϮϬϬϱͿ͘tŚŝůĞƚŚĞƌĞĐŽƌĚƐƵŐŐĞƐƚƐĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚƐ
ĨƌŽŵƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ͕ŝƚŝƐĚŝĨĨŝĐƵůƚƚŽƵŶĚĞƌƐƚĂŶĚƚŚĞƉƌŽĐĞƐƐĞƐƚŚĂƚĚƌŝǀĞƚŚŝƐƐŝŐŶĂů
ǁŝƚŚŽƵƚĐŽŶƚĞǆƚĨƌŽŵƚŚĞĨĂŶŝƚƐĞůĨ͘
/KWǆƉĞĚŝƚŝŽŶϯϱϰƌĞŽĐĐƵƉŝĞĚ^W^ŝƚĞϮϭϴ;hϭϰϱϱͿĂůŽŶŐǁŝƚŚƐŝǆŽƚŚĞƌƐŝƚĞƐĂůŽŶŐϴΣE
;hϭϰϰϵͲhϭϰϱϰ͖&ŝŐƵƌĞƐϭͲϯ͖dĂďůĞϭͿǁŝƚŚƐŝŐŶŝĨŝĐĂŶƚůǇďĞƚƚĞƌƌĞĐŽǀĞƌǇĂŶĚůĞƐƐĚŝƐƚƵƌďĂŶĐĞƚŚĂŶ
ƉŽƐƐŝďůĞ ŝŶϭϵϳϮ͕ ƚŚĂŶŬƐ ŝŶƉĂƌƚ ƚŽƚŚĞĂĚǀĞŶƚŽĨ ƚŚĞ /KWŚĂůĨĂĚǀĂŶĐĞĚƉŝƐƚŽŶĐŽƌĞƌ ;&ƌĂŶĐĞͲ
>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘&ŽƌƚƵŝƚŽƵƐůǇ͕ĂůůƐĞǀĞŶƐŝƚĞƐƌĞĐŽǀĞƌĞĚĂƌĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞĐĂůĐĂƌĞŽƵƐĐůĂǇ
ƵŶŝƚǁŝƚŚŐŽŽĚƌĞǀĞƌƐĂůŵĂŐŶĞƚŽƐƚƌĂƚŝŐƌĂƉŚǇͶŝŶĐůƵĚŝŶŐƚŚĞDĂƚƵǇĂŵĂͲƌƵŶŚĞƐŽƵŶĚĂƌǇ;Ϭ͘ϳϳϰ
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DĂͿ͕ :ĂƌĂŵŝůůŽ^ƵďĐŚƌŽŶ ;ϭ͘ϬϳϭͲϬ͘ϵϵϬDĂͿ͕ĂŶĚͬŽƌŽďďDŽƵŶƚĂŝŶ ^ƵďĐŚƌŽŶ ;ϭ͘ϮϬϴͲϭ͘ϭϴϳDĂ͖
ĂŐĞƐĂĐĐŽƌĚŝŶŐƚŽŚĂŶŶĞůůĞƚĂů͕͘ϮϬϭϲͿĂŶĚĐŽŶƐŝƐƚĞŶƚƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘
ϮϬϭϲ͖tĞďĞƌ ĂŶĚ ZĞŝůůǇ͕ ϮϬϭϴͿ ƚŚĂƚ ĂůƐŽ ĂƉƉĞĂƌƐ ĂƐ Ă ƉƌŽŵŝŶĞŶƚ ƌĞĨůĞĐƚŽƌ ŝŶ ƐĞŝƐŵŝĐ ŝŵĂŐŝŶŐ͕
ƉƌŽǀŝĚŝŶŐ Ĩŝƌŵ ŝƐŽĐŚƌŽŶŚŽƌŝǌŽŶƐĂŶĚĐŽƌĞͲƐĞŝƐŵŝĐ ĐŽƌƌĞůĂƚŝŽŶ ŝŶ ƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ ;ĞƌŐͲ
ŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͘Ϳ͘/ŶƚŚĞƵƉƉĞƌƉĂƌƚŽĨƚŚŝƐƵŶŝƚ͕ƐŽŵĞƚƵƌďŝĚŝƚĞƐĂƌĞŝŶƚĞƌĐĂůĂƚĞĚǁŝƚŚĐĂůĐĂƌĞͲ
ŽƵƐĐůĂǇ͖ŚŽǁĞǀĞƌ͕ƚŚĞƌĞǁĞƌĞŶŽƚƵƌďŝĚŝƚĞƐƌĞĐŽǀĞƌĞĚĂƚĂŶǇŽĨƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƐĨŽƌĂƚ
ůĞĂƐƚϯϬϬŬĂ͕ďĞƚǁĞĞŶDĂƌŝŶĞ/ƐŽƚŽƉĞ^ƚĂŐĞ;D/^ͿϯϳĂŶĚϮϱ͕ĂďŽƵƚϭ͘ϮϰϰʹϬ͘ϵϯϲDĂ;D/^ĂŐĞƐ
ĂĐĐŽƌĚŝŶŐƚŽ>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ͕ϮϬϬϱ͖hŶŝƚϮĂŝŶtĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘
ĚĚŝƚŝŽŶĂůůǇ͕ƚŚŝĐŬ>ĂƚĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐǁĞƌĞƌĞĐŽǀĞƌĞĚŝŶƚŚĞƵƉƉĞƌŵŽƐƚ
ƐƚƌĂƚŝŐƌĂƉŚǇĂƚĂůůƐŝƚĞƐĞǆĐĞƉƚƚŚĞǁĞƐƚĞƌŶŵŽƐƚ^ŝƚĞhϭϰϱϰůŽĐĂƚĞĚŶĞǆƚƚŽƚŚĞŵŽƐƚƌĞĐĞŶƚůǇĂĐͲ
ƚŝǀĞĐŚĂŶŶĞů;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲ͖tĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘hƐŝŶŐƚŚĞDŝĚĚůĞĂŶĚ>ĂƚĞWůĞŝƐͲ
ƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐ ƵŶŝƚƐ ƚŽ ĞƐƚĂďůŝƐŚ ĂŶ ŝŶŝƚŝĂů ĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐ ĨƌĂŵĞǁŽƌŬ͕ǁĞ ŝŶǀĞƐƚŝŐĂƚĞ
ĂŐĞͲĚĞƉƚŚƌĞůĂƚŝŽŶƐŚŝƉƐĂƚĂůůƐĞǀĞŶƐŝƚĞƐĨŽƌƚŚĞůĂƐƚΕϭ͘ϮϱDĂ͘dŚŝƐŝƐĂŶŝŶƚĞƌĞƐƚŝŶŐƉĞƌŝŽĚŽĨƚŝŵĞ
ƚŽƐƚƵĚǇ͕ĂƐϭ͘ϮϱDĂŵĂƌŬƐƚŚĞƐƚĂƌƚŽĨŝŶĐƌĞĂƐĞĚϭϬϬŬĂĨƌĞƋƵĞŶĐǇĂŵƉůŝƚƵĚĞŝŶƚŚĞďĞŶƚŚŝĐɷϭϴK
ƌĞĐŽƌĚĚƌŝǀĞŶďǇĐŚĂŶŐĞƐŝŶƚŚĞďĞŚĂǀŝŽƌŽĨƚŚĞŵĂũŽƌŝĐĞƐŚĞĞƚƐ;ůĂƌŬĞƚĂů͕͘ϮϬϬϲͿ͕ǁŚŽƐĞƚƌĂŶͲ
ƐŝƚŝŽŶ ƚŚƌŽƵŐŚ ƚŚĞ DŝĚĚůĞ ĂŶĚ >ĂƚĞ WůĞŝƐƚŽĐĞŶĞ ŝŵƉĂĐƚƐ ƚŚĞ ĞǀŽůƵƚŝŽŶ ŽĨ ŐůĂĐŝĂůͲŝŶƚĞƌŐůĂĐŝĂů
ĐŚĂŶŐĞƐŽŶƐĞĂůĞǀĞů;ůĚĞƌĨŝĞůĚĞƚĂů͕͘ϮϬϭϮ͖ZŽŚůŝŶŐĞƚĂů͕͘ϮϬϭϰͿĂŶĚŵŽŶƐŽŽŶĂůƐǇƐƚĞŵƐ;ůĞŵĞŶƐ
ĞƚĂů͕͘ϭϵϵϲ͖^ƵŶĞƚĂů͕͘ϮϬϬϲͿǁŚŝĐŚŚĂǀĞĂůĂƌŐĞůǇƵŶŬŶŽǁŶŝŶĨůƵĞŶĐĞŽŶƚŚĞĞŶŐĂů&ĂŶƐĞĚŝŵĞŶͲ
ƚĂƌǇƐǇƐƚĞŵ͘




&ŝŐƵƌĞϮ͘^ĞŝƐŵŝĐŝŶƚĞƌƉƌĞƚĂƚŝŽŶŽĨůŝŶĞ'ĞŽϵϳͲϬϮϬͬϬϮϳ͕ĂƐŝŶƚĞƌƉƌĞƚĞĚďǇĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉͿ͕ŚŝŐŚͲ
ůŝŐŚƚŝŶŐƚŚĞƐĞĚŝŵĞŶƚƐƐƚƵĚŝĞĚŚĞƌĞ͘/KWǆƉĞĚŝƚŝŽŶϯϱϰ^ŝƚĞƐhϭϰϰϵͲhϭϰϱϱĂƌĞŝŶĚŝĐĂƚĞĚǁŝƚŚǀĞƌƚŝĐĂů
ƉŝŶŬůŝŶĞƐ͘ŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐĂƌĞŶƵŵďĞƌĞĚĂĨƚĞƌĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉͿĂĐĐŽƌĚŝŶŐƚŽƚŚĞŝƌƐƚĂĐŬŝŶŐ
ƉĂƚƚĞƌŶ;ϭсŽůĚĞƐƚ͖ϰϬсǇŽƵŶŐĞƐƚͿ͘ZĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞƌĞĨůĞĐƚŽƌƐĂƌĞŚŝŐŚůŝŐŚƚĞĚ͕ĨƌŽŵŽůĚĞƐƚƚŽǇŽƵŶŐĞƐƚ͗
dŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ,ĞŵŝƉĞůĂŐŝĐ>ĂǇĞƌ;ƌĞĚƐŚĂĚŝŶŐ͖ůŽǁĞƌďŽƵŶĚŝƐŐƌĞĞŶůŝŶĞ͕ƵƉƉĞƌďŽƵŶĚŝƐƉƵƌƉůĞ
ďŽƵŶĚͿ͖ƚŚĞƌƵŶŚĞƐŐĞĚZĞĨůĞĐƚŽƌƐZϭ;ŵĂŐĞŶƚĂůŝŶĞͿ͕ZϮ;ďůƵĞůŝŶĞͿ͕Zϯ;ŐƌĞĞŶůŝŶĞͿ͖ĂƉƉƌŽǆŝͲ
ŵĂƚĞƌĞĨůĞĐƚŽƌĨŽƌƚŚĞ͘ŚƵǆůĞǇŝĚĂƚƵŵƐ;ůŝŐŚƚďůƵĞůŝŶĞͿ͖ĂŶĚƚŚĞďĂƐĞŽĨƚŚĞ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ,ĞŵŝƉĞůĂŐŝĐ
>ĂǇĞƌ;ŽƌĂŶŐĞůŝŶĞͿ͘sĞƌƚŝĐĂůĞǆĂŐŐĞƌĂƚŝŽŶ;sͿŝƐĂďŽƵƚϰϬϬƚŝŵĞƐ͘tĞƌĞĨĞƌƚŚĞƌĞĂĚĞƌƚŽĞƌŐŵĂŶŶĞƚĂů͘
;ŝŶƉƌĞƉ͘ͿĨŽƌƚŚĞƵŶŝŶƚĞƌƉƌĞƚĞĚƐĞŝƐŵŝĐĚĂƚĂ͘
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
&ŝŐƵƌĞϯ͘^ƚƌĂƚŝŐƌĂƉŚŝĐƐƵŵŵĂƌǇŽĨƌĞĐŽǀĞƌĞĚƐĞĚŝŵĞŶƚƐ͘ĚĂƉƚĞĚĨƌŽŵtĞďĞƌĂŶĚZĞŝůůǇ;ŝŶƉƌĞƉͿĂŶĚ
&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͘;ϮϬϭϲͿ͘ŐĞƐĨŽƌŝŵƉŽƌƚĂŶƚĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐŵĂƌŬĞƌƐĂƌĞŶŽƚĞĚĨŽƌĂƐŚůĂǇĞƌƐ
;DĂƌŬĞƚĂů͕͘ϮϬϭϳͿ͕ƚŚĞƵƉƉĞƌĂŶĚůŽǁĞƌƌĂŶŐĞŽĨĐĂůĐĂƌĞŽƵƐŶĂŶŽĨŽƐƐŝůĚĂƚƵŵƐ;'ƌĂĚƐƚĞŝŶĞƚĂů͕͘ϮϬϭϮͿ͕
ĂŶĚƚŚĞůŽǁĞƌ:ĂƌĂŵŝůůŽŵĂŐŶĞƚŝĐƌĞǀĞƌƐĂů;ŚĂŶŶĞůůĞƚĂů͕͘ϮϬϭϲͿ͘tŚĞƌĞƌĞĐŽǀĞƌĞĚ͕ƚŚĞKddŝƐĂůǁĂǇƐũƵƐƚ
ďĞŶĞĂƚŚƚŚĞDĂƚƵǇĂŵĂͲƌƵŶŚĞƐDĂŐŶĞƚŝĐZĞǀĞƌƐĂů͘>ŝŐŚƚďůƵĞƐŚĂĚŝŶŐŝŶĚŝĐĂƚĞƐƚŚĞƌĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞ
ƚŚŝĐŬDŝĚĚůĞĂŶĚ>ĂƚĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƵŶŝƚƐ͘^ĞŝƐŵŝĐĞƐƚŝŵĂƚĞƐŽĨĞƌŐŵĂŶŶĞƚĂů;ŝŶƉƌĞƉ͘ͿĨŽƌƚŚĞ
ĚĞƉƚŚƌĂŶŐĞƐŽĨƌƵŶŚĞƐŐĞĚZĞĨůĞĐƚŽƌƐ;ZͿ;ϭсWƵƌƉůĞ͖ϮсůƵĞ͖ϯс'ƌĞĞŶͿ͕ǁŚŝĐŚĂƌĞŐĞŶĞƌĂůůǇĂƐƐŽͲ
ĐŝĂƚĞĚǁŝƚŚƚŚŝŶŚĞŵŝƉĞůĂŐŝĐƵŶŝƚƐǁŚĞƌĞƌĞĐŽǀĞƌǇŝƐŐŽŽĚ͕ĂƌĞĂůƐŽŝŶĚŝĐĂƚĞĚ͘YƵĞƐƚŝŽŶŵĂƌŬƐŝŶĚŝĐĂƚĞ
ƵŶĐĞƌƚĂŝŶƚǇŝŶƚƌĂĐŝŶŐƚŚĞZƌĞĨůĞĐƚŽƌƐ͕ŝŶĐůƵĚŝŶŐŵƵůƚŝƉůĞƉŽƐƐŝďŝůŝƚŝĞƐŽĨǁŚĞƌĞZϯŝŶƚĞƌƐĞĐƚƐǁŝƚŚ
hϭϰϱϯĂŶĚhϭϰϰϵ͘



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
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
0DWHULDOVDQG0HWKRGV
DŽĚĞůĚĞƐŝŐŶŝƐĚŝƐĐƵƐƐĞĚŝŶ^ĞĐƚŝŽŶϮ͘ϭĂŶĚŝŶƉƵƚƐƚŽƚŚĞŵŽĚĞůŝŶ^ĞĐƚŝŽŶϮ͘Ϯ͘&ŽƌƚŚŝƐ
ƐƚƵĚǇ͕ǁĞƵƐĞƚŚĞƐŝŶŐůĞŚŽůĞĂƚĞĂĐŚ/KWǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƚŚĂƚďĞƐƚƌĞĐŽǀĞƌĞĚŵŝĚĚůĞƚŽůĂƚĞ
WůĞŝƐƚŽĐĞŶĞĂŐĞĚƐĞĚŝŵĞŶƚƐ;dĂďůĞϭͿ͕ĂƐŵŽƐƚŝŶƚĞƌǀĂůƐǁĞƌĞŽŶůǇƌĞĐŽǀĞƌĞĚŝŶŽŶĞŚŽůĞĂƚĞĂĐŚ
ƐŝƚĞ͘,ŽůĞƌĞĐŽǀĞƌǇ͕ůŝƚŚŽůŽŐǇ͕ĂŶĚƐŽŵĞŝŵƉŽƌƚĂŶƚĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐŵĂƌŬĞƌƐĂƌĞƐƵŵŵĂƌŝǌĞĚ
ŝŶ&ŝŐƵƌĞϯ͘ĚĞƚĂŝůĞĚĚŝƐĐƵƐƐŝŽŶŽĨĂůůĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐĐŽŶƐƚƌĂŝŶƚƐŝƐŐŝǀĞŶŝŶtĞďĞƌΘZĞŝůůǇ
;ŝŶƌĞǀŝĞǁͿ͕ďƵŝůĚŝŶŐŽŶƚŚĞƌĞƐƵůƚƐŽĨ&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͘;ϮϬϭϲͿ͕ĂŶĚďƌŝĞĨůǇƐƵŵŵĂƌŝǌĞĚŝŶ^ĞĐͲ
ƚŝŽŶϮ͘Ϯ͘ŽƌĞĚĞƉƚŚƐŝŶƚŚŝƐƐƚƵĚǇƌĞĨĞƌƚŽƚŚĞĐŽƌĞĚĞƉƚŚďĞůŽǁƐĞĂĨůŽŽƌͲ;^&ͲͿƐĐĂůĞ͕ǁŚŝĐŚ
ĂƉƉůŝĞƐĂĐŽŵƉƌĞƐƐŝŽŶĂůŐŽƌŝƚŚŵŝĨƌĞĐŽǀĞƌǇŝƐŐƌĞĂƚĞƌƚŚĂŶϭϬϬйƚŽƉƌĞǀĞŶƚŽǀĞƌůĂƉŽĨƌĞĐŽǀͲ
ĞƌĞĚĐŽƌĞǁŝƚŚĂĚũĂĐĞŶƚĐŽƌĞŝŶƚĞƌǀĂůƐ͘dŚŝƐŝƐŶĞĐĞƐƐĂƌǇĨŽƌƚŚŝƐƐƚƵĚǇ͕ĂƐƵŶĐĞƌƚĂŝŶƚǇŝŶĚƌŝůůŝŶŐ
ĚĞƉƚŚĂŶĚĐŽƌĞĞǆƉĂŶƐŝŽŶůĞĚƐŽŵĞƐƚƌĂƚŝŐƌĂƉŚŝĐŵĂƌŬĞƌƐƚŽŽǀĞƌůĂƉŽŶƚŚĞƉƌŝŵĂƌǇ^&ͲƐĐĂůĞ͘
tŚĞŶǁŽƌŬŝŶŐǁŝƚŚƐƉĞĐŝĨŝĐĐŽƌĞƐŝŶĞĂĐŚŚŽůĞ͕^&ͲĐĂŶďĞĐŽŶǀĞƌƚĞĚďĂĐŬƚŽ^&ͲƵƐŝŶŐƚĂͲ
ďůĞƐĂǀĂŝůĂďůĞƚŚƌŽƵŐŚ/KW͘
yͲƌĂǇ&ůƵŽƌĞƐĐĞŶĐĞ;yZ&ͿĚĂƚĂǁĞƌĞĐŽůůĞĐƚĞĚĨƌŽŵƚŚĞƐƵƌĨĂĐĞŽĨƵͲĐŚĂŶŶĞůƐĂŵƉůĞƐ;Ϯǆ
ϮǆƵƉƚŽϭϱϬĐŵƉůĂƐƚŝĐƚƵďĞƐͿŽǀĞƌĚŝƐĐƌĞƚĞŝŶƚĞƌǀĂůƐĨƌŽŵ^ŝƚĞhϭϰϱϮƚŽƐƵƉƉůĞŵĞŶƚƐŚŝƉďŽĂƌĚ
ĚĂƚĂƵƐŝŶŐƚŚĞ/dZyyZ&ĐŽƌĞƐĐĂŶŶĞƌĂƚƚŚĞKƌĞŐŽŶ^ƚĂƚĞhŶŝǀĞƌƐŝƚǇDĂƌŝŶĞĂŶĚ'ĞŽůŽŐǇZĞͲ
ƉŽƐŝƚŽƌǇ͘ĂƚĂǁĞƌĞĐŽůůĞĐƚĞĚĞǀĞƌǇϭŵŵǁŝƚŚϱƐĐŽƵŶƚƚŝŵĞĂŶĚĂDŽƚƵďĞ͘


6\VWHP6SHFLILF$JH'HSWK0RGHOLQJ
KƵƌĂŐĞŵŽĚĞůŝŶŐĂƉƉƌŽĂĐŚŝƐ ŝŶƐƉŝƌĞĚďǇǁĞůůͲĞƐƚĂďůŝƐŚĞĚŵĞƚŚŽĚƐ͕ƉƌŝŵĂƌŝůǇƚŚĞKE
ŵĞƚŚŽĚŽĨůĂĂƵǁΘŚƌŝƐƚĞŶ;ϮϬϭϭͿ͕ĂŶĚƵƚŝůŝǌĞƐƚŚĞ͚ ƚͲǁĂůŬ͛ĂůŐŽƌŝƚŚŵŽĨŚƌŝƐƚĞŶĂŶĚ&Žǆ;ϮϬϭϬͿ͕
ĂDĂƌĐŽǀŚĂŝŶDŽŶƚĞĂƌůŽ;DDͿƐĂŵƉůĞƌ͘dŚĞĂůŐŽƌŝƚŚŵŝƐŝŵƉůĞŵĞŶƚĞĚŝŶDd>͕ƵƐŝŶŐ
ƚŚĞĐŽĚĞŽĨŽůŝŶ&ŽǆǁŝƚŚƚŚĞĐŽƌƌĞĐƚŝŽŶƐďǇŶĚƌĞĂƐEŝůƐƐŽŶ;;EŝůƐƐŽŶĞƚĂů͕͘ϮϬϭϴͿ͖ĂǀĂŝůĂďůĞ͗
ǁǁǁ͘ĐŝŵĂƚ͘ŵǆͬΕũĂĐͬƚǁĂůŬͬͿ͘tŚŝůĞƚŚĞƚͲǁĂůŬŵĂǇďĞůĞƐƐĞĨĨŝĐŝĞŶƚƚŚĂŶŽƚŚĞƌDDŵĞƚŚŽĚƐ͕ŝƚ
ƌĞƋƵŝƌĞƐůŝƚƚůĞƚƵŶŝŶŐĂŶĚĐĂŶďĞĂƉƉůŝĞĚƚŽĂĚŝǀĞƌƐĞƐĞƚŽĨDDƉƌŽďůĞŵƐďǇŶŽŶͲĞǆƉĞƌƚƐ͘tĞ
ƌĞĨĞƌƚŚĞƌĞĂĚĞƌƚŽůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ;ϮϬϭϭͿĨŽƌĂŵŽƌĞĚĞƚĂŝůĞĚĚŝƐĐƵƐƐŝŽŶŽĨƚŚĞƚͲǁĂůŬĂŶĚ
ŚŽǁŝƚĐĂŶďĞĂƉƉůŝĞĚƚŽƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶŵŽĚĞůŝŶŐ͘,ĞƌĞ͕ǁĞĨŽĐƵƐŽŶƚŚĞĨƵŶĚĂŵĞŶƚĂů
ƉƌŝŶĐŝƉůĞƐĂŶĚŚŝŐŚůŝŐŚƚƚŚĞĚŝĨĨĞƌĞŶĐĞƐďĞƚǁĞĞŶƚŚŝƐŵĞƚŚŽĚĂŶĚKE͘dŚĞĨƵŶĚĂŵĞŶƚĂůĐŽŶͲ
ĐĞƉƚƉƌĞƐĞŶƚĞĚŚĞƌĞŝƐƚŚĂƚǁŚŝůĞǁĞĐĂŶĚĞĨŝŶĞĂƉƌŝŽƌĚŝƐƚƌŝďƵƚŝŽŶŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚĂĐĐƵͲ
ŵƵůĂƚŝŽŶĚƵĞƚŽŐŽŽĚŝŶĚĞƉĞŶĚĞŶƚĂŐĞĐŽŶƐƚƌĂŝŶƚƐ͕ĨĂŶĚĞƉŽƐŝƚƐŚĂǀĞƵŶĐŽŶƐƚƌĂŝŶĞĚĂĐĐƵŵƵůĂͲ
ƚŝŽŶƌĂƚĞƐ͘
/ŶŽƵƌŵŽĚĞů͕ƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰŚŽůĞƐĂƌĞďƌŽŬĞŶŝŶƚŽĂƐĞƌŝĞƐŽĨƐĞĐƚŝŽŶƐ;Đϭ͕ĐϮ͕͙ĐŝͿďĞͲ
ƚǁĞĞŶĚĞƉƚŚŝŶƚĞƌǀĂůƐ;ĚϬ͕Ěϭ͕ĚϮ͕͙ĚŝͿǁŝƚŚƐĞĐƚŝŽŶǁŝĚƚŚ;ȴĐŝͿ͘&ĂŶĚĞƉŽƐŝƚƐĂƌĞŶŽŵŝŶĂůůǇĚŝǀŝĚĞĚ
ŝŶƚŽϭϬŵŝŶƚĞƌǀĂůƐ͕ǁŚŝůĞĐĂůĐĂƌĞŽƵƐĐůĂǇĚĞƉŽƐŝƚƐĂƌĞĚŝǀŝĚĞĚŝŶƚŽϭŵŝŶƚĞƌǀĂůƐ͘ƐĞĂĐŚůŝƚŚŽƐƚƌĂƚͲ
ŝŐƌĂƉŚŝĐƵŶŝƚŝƐŶŽƚƉĞƌĨĞĐƚůǇĚŝǀŝƐŝďůĞďǇϭϬŵŽƌϭŵ͕ƐĞĐƚŝŽŶǁŝĚƚŚƐĂƌĞĂůůŽǁĞĚƚŽďĞƐŵĂůůĞƌ
ǁŚĞŶŶĞĞĚĞĚ͘^ĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶ;ͿŝŶƐĞĐƚŝŽŶŝŝƐŵŽĚĞůĞĚĂƐ͗

ܣ௜ ൌ  ሺͳ െ ݓ௜ሻߙ௜ ൅ ݓ௜ߙ௜ାଵ      ;ƋƵĂƚŝŽŶϭͿ

ǁŚĞƌĞɲŝƐĂƌĂŶĚŽŵůǇƐĂŵƉůĞĚƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶǀĂůƵĞĂŶĚǁŝƐĂŵĞŵŽƌǇƉĂƌĂŵĞƚĞƌƚŚĂƚ
ĚĞƚĞƌŵŝŶĞƐƚŚĞĚĞƉĞŶĚĞŶĐĞŽĨɲŽŶƚŚĞƉƌĞĐĞĚŝŶŐŝŶƚĞƌǀĂů͕ǁŚĞƌĞǁсϬŵĞĂŶƐɲŝŝƐŝŶĚĞƉĞŶĚĞŶƚ
ŽĨɲŝнϭĂŶĚǁсϭŵĞĂŶƐɲŝŝƐĞƋƵĂůƚŽɲŝнϭ͘/ŶŽƵƌŵŽĚĞů͕ǁŝƐĂůǁĂǇƐĞƋƵĂůƚŽǌĞƌŽĂƚƚŚĞďĂƐĞŽĨ
ƚŚĞƐĞĐƚŝŽŶ͕ĂƚůŝƚŚŽůŽŐŝĐƚƌĂŶƐŝƚŝŽŶƐ͕ĂŶĚŝŶĨĂŶĚĞƉŽƐŝƚƐ͘ĞĐĂƵƐĞǁĞƵƐĞƵŶĞǀĞŶůǇƐƉĂĐĞĚĚĞƉƚŚ
Appendix 

IX 

ŝŶƚĞƌǀĂůƐ͕ĂŶĚǁŝƐĚĞƉĞŶĚĞŶƚŽŶŝŶƚĞƌǀĂůƐƉĂĐŝŶŐ͕ĨŽƌĂŶǇŝŶƚĞƌǀĂůǁŝсǁƉȴŝ͕ǁŚĞƌĞƚŚĞŵĞŵŽƌǇ
ŚĂƐĂŶĞǆƉŽŶĞŶƚŝĂůƌĞůĂƚŝŽŶƐŚŝƉǁŝƚŚƚŚĞůĂŐ;ŝ͘Ğ͘ȴĐŝŝŶĐŵͿ͘/ŶƚŚĞĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐ͕ǁƉŝƐ
ƚŚĞŵĞŵŽƌǇǀĂůƵĞƌĂŶĚŽŵůǇƐĞůĞĐƚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞƉƌŝŽƌďĞƚĂĚŝƐƚƌŝďƵƚŝŽŶ;ĞƚĂ;Ăǁ͕ďǁͿͿ;ƐĞĞ
ůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ͕ϮϬϭϭͿ͘tĞƌĞƋƵŝƌĞƚŚĂƚĂůůǀĂůƵĞƐŽĨǁďĞďĞƚǁĞĞŶϬĂŶĚϭĂŶĚƚŚĂƚĂůůɲ
ǀĂůƵĞƐ͕ ĨŽƌ ĨĂŶ Žƌ ŚĞŵŝƉĞůĂŐŝĐ ĚĞƉŽƐŝƚƐ͕ ĂƌĞ ƉŽƐŝƚŝǀĞ ;ŝ͘Ğ͘ŵŽŶŽƚŽŶŝĐ ĂĐĐƵŵƵůĂƚŝŽŶͿ͘ &Žƌ ŚĞŵŝͲ
ƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐ͕ǁĞƵƐĞĂŵĞŵŽƌǇŵĞĂŶŽĨϬ͘ϳĂŶĚƐƚƌĞŶŐƚŚŽĨϯϬ͘
^ĞĚŝŵĞŶƚĂŐĞĂƚĂŶǇĚĞƉƚŚ;ƚͿŝƐĐĂůĐƵůĂƚĞĚĂƐ͗

ݐ஽ ൌ σ οܿௗ כ ܣௗ஽ௗୀଵ        ;ƋƵĂƚŝŽŶϮͿ

'ŝǀĞŶƚŚĂƚƚŚĞƐĞĚŝŵĞŶƚǁĂƚĞƌŝŶƚĞƌĨĂĐĞŝƐĂƚĂŐĞǌĞƌŽ͘
tĞƉƌŽǀŝĚĞĂƉƌŝŽƌ ŝŶǁŚŝĐŚŚĞŵŝƉĞůĂŐŝĐ ƐĞĚŝŵĞŶƚƐɲŚĂƌĞĚĞƐĐƌŝďĞĚďǇĂŐĂŵŵĂĚŝƐƚƌŝďƵƚŝŽŶ
;'ĂŵŵĂ;ĂɲŚ͕ďɲŚͿͿ;ĂĨƚĞƌůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ͕ϮϬϭϭͿǁŚŝůĞĨĂŶƐĞĚŝŵĞŶƚƐĂƌĞůĞĨƚƵŶĐŽŶƐƚƌĂŝŶĞĚ͘
ĂƐĞĚŽŶŽďƐĞƌǀĂƚŝŽŶƐǁŚĞƌĞĂŐĞĐŽŶƚƌŽůŝƐƐƚƌŽŶŐ;tĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͕ǁĞƵƐĞĂĐĐƵŵƵůĂƚŝŽŶ
ŵĞĂŶŽĨϯĐŵͬŬĂĂŶĚϮĂĐĐƵŵƵůĂƚŝŽŶƐŚĂƉĞƚŽĚĞĨŝŶĞƚŚĞĚŝƐƚƌŝďƵƚŝŽŶ͘
Ŷ͚ĞŶĞƌŐǇ͛ĨƵŶĐƚŝŽŶŝƐƵƐĞĚĂƐƚŚĞŝŶƉƵƚƚŽƚŚĞƚͲǁĂůŬĂůŐŽƌŝƚŚŵĂƐh;ɲ͕ǁͮǇͿсͲůŽŐĨ;ɲ͕ǁͮ
Ǉϭ͕ǇϮ͕͙ǇŝͿǁŚŝĐŚƌĞƉƌĞƐĞŶƚƐƚŚĞͲůŽŐŽĨƚŚĞƉŽƐƚĞƌŝŽƌĚŝƐƚƌŝďƵƚŝŽŶ͕ǁŚĞƌĞǇĂƌĞƚŚĞŵĂŐŶĞƚŝĐƌĞǀĞƌͲ
ƐĂů͕ƚĞƉŚƌĂ͕ĂŶĚŽƌďŝƚĂůƚƵŶŝŶŐĂŐĞĐŽŶƐƚƌĂŝŶƚƐǁŝƚŚƵŶĐĞƌƚĂŝŶƚǇ;ʍͿĂƚĚĞƉƚŚ;ϭ͕Ϯ͕͙ŝͿ͘/ŶƚŚŝƐ
ĐĂƐĞ͗

ܷሺߙǡ ݓȁݕሻ ൌ െሺͳ െܽ௪ሻ ݓ௣ െ ሺͳ െ ܾ௪ሻ ൫ͳ െ ݓ௣൯ െ
σ ሺͳ െ ܽఈ௛ሻ  ߙ௜௛ ൅ ܾఈ௛ߙ௜௛ െூ௜ୀଵ    ;ƋƵĂƚŝŽŶϯͿ
෍ߪ௝ ൅
௃
௝ୀଵ
ቆݕ௝ െ ݐ஽௝ߪ௝ ቇ
ଶ
Ȁʹ

dŚŝƐ͚ĞŶĞƌŐǇ͛ĨƵŶĐƚŝŽŶĚŝĨĨĞƌƐǁŝƚŚƌĞƐƉĞĐƚƚŽKE͕ĂƐǁĞŚĂǀĞƌĞůĂƚŝǀĞůǇƐŝŵƉůĞƉƌŽďĂďŝůŝƚǇ
ĚŝƐƚƌŝďƵƚŝŽŶĨŽƌŽƵƌĂŐĞĐŽŶƐƚƌĂŝŶƐ;ŝ͘Ğ͘ǁĞĂƐƐƵŵĞĂůůŶŽƌŵĂůĚŝƐƚƌŝďƵƚŝŽŶƐ͕ƌĂƚŚĞƌƚŚĂŶĐĂůŝďƌĂƚĞĚ
ƌĂĚŝŽĐĂƌďŽŶĚĂƚĞƐͿĂŶĚǁĞƐĞƚƚŚĞƐĞĚŝŵĞŶƚǁĂƚĞƌŝŶƚĞƌĨĂĐĞƚŽĂĐŽŶƐƚĂŶƚǀĂůƵĞŽĨϬŬĂ͕ƚŚƵƐƚŚĞ
ƚŚƌĞĞůŝŶĞƐŽĨƋƵĂƚŝŽŶϯ͕ƌĞůĂƚĞƚŽĨŝƚƚŝŶŐƚŚĞŵĞŵŽƌǇ͕ŚĞŵŝƉĞůĂŐŝĐĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͕ĂŶĚĂŐĞ
ĐŽŶƐƚƌĂŝŶƚƉƌŝŽƌƐ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘
dŽĞŶƐƵƌĞƚŚĂƚŽƵƌƐŽůƵƚŝŽŶƐĂƌĞŐĞŽůŽŐŝĐĂůůǇŵĞĂŶŝŶŐĨƵů͕ǁĞŝŵƉůĞŵĞŶƚĂĨĞǁĂĚĚŝƚŝŽŶĂůŚĂƌĚ
ĐŽŶƐƚƌĂŝŶƚƐ͕ǁŚĞƌĞŝĨǀŝŽůĂƚĞĚ͕ƚŚĞ͚ĞŶĞƌŐǇ͛ĨƵŶĐƚŝŽŶŝƐƐĞƚƚŽͲ/ŶĨĂŶĚƚŚĞŝƚĞƌĂƚŝŽŶŝƐƌĞũĞĐƚĞĚ͘&ŝƌƐƚ͕
ĂůůƐŽůƵƚŝŽŶƐŵƵƐƚƌĞƐƉĞĐƚƚŚĞŵĂǆŝŵƵŵůŝŵŝƚŝŶŐĚĂƚĞƉƌŽǀŝĚĞĚďǇƚŚĞĨŝƌƐƚŽĐĐƵƌƌĞŶĐĞŽĨ͘ŚƵǆůĞǇŝ͕
ǁŚĞƌĞŽŶůǇƐŽůƵƚŝŽŶƐƚŚĂƚƚŚĞĨŝƌƐƚŽĐĐƵƌƌĞŶĐĞŝƐǇŽƵŶŐĞƌƚŚĂŶϮϵϬŬĂĂƌĞĂĐĐĞƉƚĞĚ͘^ĞĐŽŶĚ͕Ăůů
ƐŽůƵƚŝŽŶƐŵƵƐƚƌĞƐƉĞĐƚƚŚĞĐŚĂŶŶĞůͲůĞǀĞĞƐƚĂĐŬŝŶŐƉĂƚƚĞƌŶŽĨĞƌŐŵĂŶŶĞƚĂů͘ ;ŝŶƉƌĞƉ͘Ϳ͘dŚŝƐ ŝƐ
ĂĐŚŝĞǀĞĚďǇƐŽůǀŝŶŐĨŽƌĂůůƐĞǀĞŶƐŝƚĞƐƐŝŵƵůƚĂŶĞŽƵƐůǇƵƐŝŶŐƚŚĞƚͲǁĂůŬĂůŐŽƌŝƚŚŵĂŶĚƌĞũĞĐƚŝŶŐĂŶǇ
ƐŽůƵƚŝŽŶďǇƐĞƚƚŝŶŐƚŚĞ͚ĞŶĞƌŐǇ͛ĨƵŶĐƚŝŽŶƚŽͲ/ŶĨǁŚĞƌĞƚŚĞďĂƐĞŽĨĂƐƚƌĂƚŝŐƌĂƉŚŝĐĂůůǇŚŝŐŚĞƌĐŚĂŶͲ
ŶĞůͲůĞǀĞĞƐǇƐƚĞŵŝƐŵŽĚĞůĞĚĂƐďĞŝŶŐŽůĚĞƌƚŚĂŶƚŚĞƚŽƉŽĨĂĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐƚŚĂƚŝƐƐƚƌĂƚŝͲ
ŐƌĂƉŚŝĐĂůůǇůŽǁĞƌ͘




Appendix 

X 

/LWKRVWUDWLJUDSKLFDQG&KURQRVWUDWLJUDSKLF,QSXWVIRU$JH'HSWK0RGHOLQJ
^ĞĚŝŵĞŶƚƐƌĞĐŽǀĞƌĞĚŝŶƚŚĞƵƉƉĞƌϮϬϬŵŽĨĞĂĐŚƐŝƚĞǁĞƌĞĐĂƚĞŐŽƌŝǌĞĚĂƐŚĞŵŝƉĞůĂŐŝĐŽƌ
ĨĂŶ;ŝ͘Ğ͘ĐŚĂŶŶĞůͲůĞǀĞĞ͕ŝŶƚĞƌůĞǀĞĞ͕ĂŶĚƐĂŶĚĚĞƉŽƐŝƚƐͿĚĞƉŽƐŝƚƐďǇĨŝƚƚŝŶŐĂ'ƵĂƐƐŝĂŶŵŝǆƚƵƌĞ
ŵŽĚĞůĐůƵƐƚĞƌĂŶĂůǇƐŝƐƚŽƚŚƌĞĞƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐŵĞĂƐƵƌĞĚŽŶƐŚŝƉ͗ŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇ
;D^Ϳ͕ŶĂƚƵƌĂůŐĂŵŵĂƌĂĚŝĂƚŝŽŶ;E'ZͿ͕ĂŶĚƐĞĚŝŵĞŶƚůŝŐŚƚŶĞƐƐ;>ΎͿ͘tĞƌĞŵŽǀĞĚŵĞĂƐƵƌĞŵĞŶƚƐ
ŵĂĚĞǁŝƚŚŝŶϯĐŵĨƌŽŵƚŚĞĞĚŐĞŽĨĞĂĐŚƐĞĐƚŝŽŶĂŶĚŶŽƌŵĂůŝǌĞĚŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇĂŶĚ
E'ZďǇŐĂŵŵĂƌĂǇĂƚƚĞŶƵĂƚŝŽŶ;'ZͿĞƐƚŝŵĂƚĞĚǁĞƚďƵůŬĚĞŶƐŝƚǇƵƐŝŶŐƚŚĞŵĞƚŚŽĚŽĨtĂůĐǌĂŬ
ĞƚĂů͘;ϮϬϭϱͿďǇƐŵŽŽƚŚŝŶŐĂůůƌĞĐŽƌĚƐƚŽƚŚĞƐĂŵĞƌĞƐŽůƵƚŝŽŶƵƐŝŶŐĂ&ƵůůtŝĚƚŚĂƚ,ĂůĨDĂǆŝŵƵŵ
;&t,DͿ'ĂƵƐƐŝĂŶĨŝůƚĞƌŽĨϲĐŵĂŶĚƌĞƐĂŵƉůŝŶŐĞǀĞƌǇϱĐŵ͘tŚŝůĞ>ΎǁĂƐŶŽƚŶŽƌŵĂůŝǌĞĚ͕ǁĞ
ĂůƐŽĨŝůƚĞƌĞĚĂŶĚƌĞƐĂŵƉůĞĚƚŽĂůůŽǁĨŽƌĚŝƌĞĐƚĐŽŵƉĂƌŝƐŽŶ͘/ŶƚĞƌǀĂůƐƚŚĂƚǁĞƌĞŶŽƚƌĞĐŽǀĞƌĞĚďǇ
ĐŽƌŝŶŐǁĞƌĞĐĂƚĞŐŽƌŝǌĞĚĂƐŚĞŵŝƉĞůĂŐŝĐŽƌĨĂŶĚĞƉŽƐŝƚƐďĂƐĞĚŽŶƚŚĞĐůŽƐĞƐƚŽǀĞƌůǇŝŶŐŽƌƵŶĚĞƌͲ
ůǇŝŶŐƐĞĚŝŵĞŶƚƐƌĞĐŽǀĞƌĞĚ͘/ĨďŽƚŚĂŐƌĞĞĚ͕ĂůůƐĞĚŝŵĞŶƚƐŝŶďĞƚǁĞĞŶǁĞƌĞĐůĂƐƐŝĨŝĞĚĂƐďĞŝŶŐƚŚĞ
ƐĂŵĞ͘/ĨďŽƚŚĚŝƐĂŐƌĞĞĚ͕ƚŚĞĚĞƉƚŚŽĨƚŚĞĐŽŶƚĂĐƚǁĂƐĂƐƐŝŐŶĞĚĂƚƌĂŶĚŽŵ͘
ĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉ͘ͿĚŝƐĐƵƐƐƚŚĞŝĚĞŶƚŝĨŝĐĂƚŝŽŶŽĨĐŚĂŶŶĞůͲůĞǀĞĞĚĞƉŽƐŝƚƐĂŶĚƉƌŽŵŝͲ
ŶĞŶƚƌĞĨůĞĐƚŽƌƐŝŶĚĞƚĂŝů͘tĞƵƐĞƚŚĞŝƌŝŶƚĞƌƉƌĞƚĂƚŝŽŶĂŶĚŶƵŵďĞƌƐĐŚĞŵĞŽĨƚŚĞĐŚĂŶŶĞůͲůĞǀĞĞ
ƐƚĂĐŬŝŶŐƉĂƚƚĞƌŶĂƚϴΣE;&ŝŐƵƌĞϮͿ͘dŚĞŝƌŝŶƚĞŐƌĂƚŝŽŶŽĨĐŽƌĞƐĂŶĚƐĞŝƐŵŝĐĚĂƚĂǁĂƐĐŽŶĚƵĐƚĞĚ
ǁŝƚŚĐŽŶƐƚĂŶƚǀĞůŽĐŝƚŝĞƐƌĂŶŐŝŶŐĨƌŽŵϭϲϰϬͲϭϲϴϬŵͬƐ͘sĞůŽĐŝƚŝĞƐǁĞƌĞĚĞƚĞƌŵŝŶĞĚďǇƚŚĞďĞƐƚĨŝƚ
ŽĨƉƌŽŵŝŶĞŶƚƌĞĨůĞĐƚŽƌƐǁŝƚŚůŝƚŚŽůŽŐŝĐďŽƵŶĚĂƌŝĞƐĂŶĚƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐ͘sĞůŽĐŝƚŝĞƐǁĞƌĞĂůƐŽ
ĐƌŽƐƐͲĐŚĞĐŬĞĚǁŝƚŚƚŚĞƐŚŝƉďŽĂƌĚŵĞĂƐƵƌĞĚƉͲǁĂǀĞǀĞůŽĐŝƚŝĞƐ͘tŚŝůĞƚŚĞƌĞĂƌĞƵŶĐĞƌƚĂŝŶƚŝĞƐŝŶ
ĂŶǇƚŝŵĞͲĚĞƉƚŚĐŽŶǀĞƌƐŝŽŶ͕ďƌŽĂĚĂŐƌĞĞŵĞŶƚŝŶƚŚĞĐĂůĐƵůĂƚĞĚĚĞƉƚŚƐŽĨƚŚĞŚŝŐŚĂŵƉůŝƚƵĚĞƌĞͲ
ĨůĞĐƚŽƌƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚĐĂůĐĂƌĞŽƵƐĐůĂǇĂŶĚĨĂŶĐŽŶƚĂĐƚƐĂŶĚĚƌŝůůŝŶŐĚĞƉƚŚƐůĞŶĚƐĐŽŶĨŝĚĞŶĐĞŝŶ
ƚŚĞŝƌƵƐĞŝŶƚŚŝƐƐƚƵĚǇ͘
tĞƵƐĞĂŐĞĐŽŶƐƚƌĂŝŶƚƐĨƌŽŵtĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴǁŚŝĐŚĞƐƚĂďůŝƐŚĂŶŽƌďŝƚĂůƌĞƐŽůƵͲ
ƚŝŽŶĐŚƌŽŶŽůŽŐǇŝŶŵŝĚĚůĞƚŽůĂƚĞWůĞŝƐƚŽĐĞŶĞĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐƚŚƌŽƵŐŚĐŽƌƌĞůĂƚŝŽŶŽĨ>Ύ
ǀĂƌŝĂƚŝŽŶƐƚŽƚŚĞďĞŶƚŚŝĐɷϭϴKƚŝŵĞƐĐĂůĞŽĨ>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ;ϮϬϬϱͿǁŝƚŚŝŶƚŚĞĨƌĂŵĞǁŽƌŬŽĨ
ďŝŽƐƚƌĂƚŝŐƌĂƉŚŝĐĂŶĚŵĂŐŶĞƚŽƐƚƌĂƚŝŐƌĂƉŚŝĐĐŽŶƐƚƌĂŝŶƚƐ͘ůŽŶŐƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶƐĞĐƚĂŶĚ
ŽƚŚĞƌƐŝƚĞƐĨƌŽŵƚŚĞůŽǁĞƌĞŶŐĂů&ĂŶ͕ŝŶĐůƵĚŝŶŐĐŽƌĞƐǁŝƚŚĞǆƉĂŶĚĞĚĐĂůĐĂƌĞŽƵƐĐůĂǇůŝƚŚŽůŽŐŝĞƐ
^KϵϯŽƌĞƐϮϮ<>͕Ϯϴ<>͕ĂŶĚϰϳ<>͕>ΎƉƌŝŵĂƌŝůǇƌĞĨůĞĐƚƐƚŚĞƌĞůĂƚŝǀĞƉƌŽƉŽƌƚŝŽŶŽĨďŝŽŐĞŶŝĐĐĂůĐĂƌͲ
ĞŽƵƐƚŽůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚƐ;tĞďĞƌĞƚĂů͕͘ϮϬϬϯͿ͘ƚ^ŝƚĞhϭϰϱϮ͕>ĂƚĞWůĞŝƐƚŽĐĞŶĞĐĂůĐĂƌĞŽƵƐ
ĐůĂǇƐĞĚŝŵĞŶƚƐǁĞƌĞƐƚƵĚŝĞĚŝŶĚĞƚĂŝůĂŶĚĚŝƐƉůĂǇ>ΎǀĂƌŝĂƚŝŽŶƐŽŶŽƌďŝƚĂůƚŝŵĞƐĐĂůĞƐĂůŽŶŐǁŝƚŚ
ƉůĂŶŬƚŽŶŝĐɷϭϴKĂŶĚŽƚŚĞƌƉƌŽǆŝĞƐƚŚĂƚƌĞĨůĞĐƚŵĂƌŝŶĞƉƌŽĚƵĐƚŝǀŝƚǇĂŶĚƐĞĚŝŵĞŶƚĐŽŵƉŽƐŝƚŝŽŶ
;tĞďĞƌĞƚĂů͕͘ϮϬϭϴͿ͘/ŶŽƵƌŵŽĚĞů͕ǁĞĂƐƐŝŐŶĂŶƵŶĐĞƌƚĂŝŶƚǇŽĨϳŬĂ;ϭʍͿƚŽĂĐĐŽƵŶƚĨŽƌƵŶĐĞƌͲ
ƚĂŝŶƚŝĞƐŝŶĐŽƌƌĞůĂƚŝŽŶ;ŚƵŵĂŶƵŶĐĞƌƚĂŝŶƚǇͿ͕ƉŚĂƐĞ;ŐĞŽůŽŐŝĐƵŶĐĞƌƚĂŝŶƚǇͿǁŝƚŚƚŚĞďĞŶƚŚŝĐɷϭϴK
ƌĞĨĞƌĞŶĐĞƚĞŵƉůĂƚĞ͘
tĞŝŶĐůƵĚĞĂĚĚŝƚŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƐĨƌŽŵŵĂŐŶĞƚŝĐƌĞǀĞƌƐĂůƐ͕ƵƐŝŶŐƚŚĞƚŝŵĞƐĐĂůĞŽĨŚĂŶͲ
ŶĞůůĞƚĂů͘;ϮϬϭϲͿ͕ǁŚŝĐŚŝƐďĂƐĞĚŽŶĚŝƌĞĐƚďĞŶƚŚŝĐɷϭϴKĂŶĚŵĂŐŶĞƚŝĐĐŽŵƉĂƌŝƐŽŶŝŶEŽƌƚŚƚůĂŶͲ
ƚŝĐ/KW^ŝƚĞhϭϯϬϴĂŶĚƉƌŽǀŝĚĞƐƐƚƌŽŶŐĞƌĐŽŶƐƚƌĂŝŶƚƐŽŶƚŚĞƚŝŵŝŶŐŽĨƚŚĞŽďďDŽƵŶƚĂŝŶ^ƵďͲ
ĐŚƌŽŶǁŝƚŚƌĞƐƉĞĐƚƚŽƚŚĞďĞŶƚŚŝĐɷϭϴKƚŝŵĞƐĐĂůĞƚŚĂŶƚŚĞ'ĞŽůŽŐŝĐdŝŵĞƐĐĂůĞŽĨ'ƌĂĚƐƚĞŝŶĞƚĂů͘
;ϮϬϭϮͿƵƐĞĚŝŶƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰWƌŽĐĞĞĚŝŶŐƐ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘dŚĞƐĞƚƵŶĞĚƌĞǀĞƌƐĂů
ĂŐĞƐĂƌĞĂƐƐŝŐŶĞĚƵŶĐĞƌƚĂŝŶƚǇŽĨϱŬĂ͘dǁŽƚĞƉŚƌĂůĂǇĞƌƐƌĞĐŽǀĞƌĞĚĂƚŵŽƐƚƐŝƚĞƐĂƌĞŝŶƚĞƌƉƌĞƚĞĚ
ĂƐƚŚĞzŽƵŶŐĞƐƚdŽďĂdĞƉŚƌĂĂŶĚKůĚĞƐƚdŽďĂdĞƉŚƌĂ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲ͖tĞďĞƌĞƚĂů͕͘
ϮϬϭϴ͖tĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘tĞĂƐƐŝŐŶƚŚĞϰϬƌͬϯϵƌĚĂƚĞƐĨŽƌƚŚĞƐĞĞǀĞŶƚƐǁŝƚŚƚŚĞŝƌĂŶĂůǇƚŝͲ
ĐĂůƵŶĐĞƌƚĂŝŶƚǇ͕ϳϯ͘ϳцϬ͘ϯŬĂĂŶĚϳϴϱ͘ϲцϬ͘ϳŬĂ͕ŽĨDĂƌŬĞƚĂů͘;ϮϬϭϳͿĂƐĂĚĚŝƚŝŽŶĂůĂŐĞĐŽŶƚƌŽů
ƉŽŝŶƚƐ͘ŝŽƐƚƌĂƚŝŐƌĂƉŚŝĐĚĂƚƵŵƐĂƌĞƚƌĞĂƚĞĚǁŝƚŚĐĂƵƚŝŽŶ͕ĂƐƚŚĞůĂƐƚŽĐĐƵƌƌĞŶĐĞŽĨW͘ůĂĐƵŶŽƐĂ
;ϰϰϬŬĂͿǁĂƐĨŽƵŶĚŝŶƚŚĞƐĂŵĞƐĂŵƉůĞƐĂƐ͘ŚƵǆůĞǇŝ;ĨŝƌƐƚŽĐĐƵƌƌĞŶĐĞĂƚϮϵϬŬĂͿŝŶŵƵůƚŝƉůĞ
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
ŚŽůĞƐ;,ŽůĞƐhϭϰϱϬĂŶĚhϭϰϱϰͿ͕ƐƵŐŐĞƐƚŝŶŐƌĞǁŽƌŬŝŶŐŽĨǀĞƌǇŽůĚŵĂƚĞƌŝĂůƐŝŶĨĂŶĚĞƉŽƐŝƚƐ͕
ĂŶĚŵĂŶǇƚƵƌďŝĚŝƚŝĐĂŶĚƐĂŶĚǇƐĂŵƉůĞƐǁĞƌĞďĂƌƌĞŶ͕ŵĂŬŝŶŐŝƚĐŚĂůůĞŶŐŝŶŐƚŽĞƐƚĂďůŝƐŚĨŝƌƐƚĂŶĚ
ůĂƐƚŽĐĐƵƌƌĞŶĐĞĚĞƉƚŚƐǁŝƚŚĐŽŶĨŝĚĞŶĐĞ;ĂůůŶĂŶŶŽĨŽƐƐŝůĂŐĞƐĂĨƚĞƌ'ƌĂĚƐƚĞŝŶĞƚĂů͕͘ϮϬϭϮͿ͘tŚŝůĞ
ƚŚĞƐĞŝƐƐƵĞƐůŝŬĞůǇĚŽŶŽƚŝŵƉĂĐƚĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐ͕ƵŶƚŝůĨƵƌƚŚĞƌďŝŽƐƚƌĂƚŝŐƌĂƉŚŝĐǁŽƌŬ
ƌĞĨŝŶĞƐƐŚŝƉďŽĂƌĚĞƐƚŝŵĂƚĞƐ͕ƚŚĞďŝŽƐƚƌĂƚŝŐƌĂƉŚŝĐŵĂƌŬĞƌƐĐĂŶŶŽƚďĞƵƐĞĚĂƐƚŝĞƉŽŝŶƚƐĨŽƌĞƐƚĂďͲ
ůŝƐŚŝŶŐĂϭϬϱͲϭϬϲĂƌĞƐŽůƵƚŝŽŶĐŚƌŽŶŽůŽŐǇ͘/ŶŽƵƌŵŽĚĞů͕ŚŽǁĞǀĞƌ͕ǁĞĚŽŝŶĐůƵĚĞƚŚĞĨŝƌƐƚŽĐĐƵƌͲ
ƌĞŶĐĞŽĨ͘ŚƵǆůĞǇŝĂƐĂŵĂǆŝŵƵŵůŝŵŝƚŝŶŐĚĂƚĞ͕ďĞĐĂƵƐĞĞǀĞŶŝĨƚŚĞŶĂŶŶŽĨŽƐƐŝůŝƐƌĞǁŽƌŬĞĚĨƌŽŵ
ŝƚƐĂĐƚƵĂůĨŝƌƐƚŽĐĐƵƌƌĞŶĐĞƚŚĞŝŶƚĞƌƉƌĞƚĂƚŝŽŶĚŽĞƐŶ͛ƚĐŚĂŶŐĞ;ŝ͘Ğ͘ŝĨĂƐĂŵƉůĞĐŽŶƚĂŝŶƐ͘ŚƵǆůĞǇŝ͕
ƚŚĞƐĂŵƉůĞŵƵƐƚďĞůĞƐƐƚŚĂŶϮϵϬŬĂŽůĚͿ͘tŚĞŶĂĚĚŝƚŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƐďĞĐŽŵĞĂǀĂŝůĂďůĞ͕ƚŚĞǇ
ĐĂŶďĞŝŶĐŽƌƉŽƌĂƚĞĚƚŽŝŵƉƌŽǀĞƚŚĞĂŐĞͲĚĞƉƚŚŵŽĚĞůƌĞƐƵůƚƐ͘

6WDFNLQJ0RGHO5HVXOWV
tĞďƵŝůĚƚǁŽƐƚĂĐŬƐƵƐŝŶŐƚŚĞŵŽĚĞůƌĞƐƵůƚƐƚŽƌĞƉƌĞƐĞŶƚƚŚĞƌĞŐŝŽŶĂůƐŝŐŶĂůƐĐĂƉƚƵƌĞƐ
ďǇƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰϴΣEƚƌĂŶƐĞĐƚ͘^ĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐǁĞƌĞĐĂůĐƵůĂƚĞĚĨŽƌĞĂĐŚŽĨ
ƚŚĞĂŐĞͲĚĞƉƚŚĐŽŵďŝŶĂƚŝŽŶƐĂƚĞĂĐŚƐŝƚĞŽǀĞƌϭŬĂŝŶƚĞƌǀĂůƐƚŽĐĂƉƚƵƌĞϭŬĂĂŶĚŐƌĞĂƚĞƌĐŚĂŶŐĞƐ
ŝŶůŽŶŐƚĞƌŵĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͘dŚĞƐĞǁĞƌĞƵƐĞĚƚŽĐĂůĐƵůĂƚĞƐƚĂƚŝƐƚŝĐƐĨŽƌĞĂĐŚƐŝƚĞĂŶĚĨŽƌƚŚĞ
ƚƌĂŶƐĞĐƚĂƐĂǁŚŽůĞ͘^ŝŵŝůĂƌůǇ͕ĂŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇƐƚĂĐŬǁĂƐĐƌĞĂƚĞĚďǇĂƉƉůǇŝŶŐƚŚĞŵĞͲ
ĚŝĂŶĂŐĞĚĞƉƚŚƌĞůĂƚŝŽŶƐŚŝƉĨŽƌĞĂĐŚƐŝƚĞƚŽůŽŐĂƌŝƚŚŵŝĐĂůůǇƚƌĂŶƐĨŽƌŵĞĚƐŚŝƉďŽĂƌĚƉŽŝŶƚŵĂŐͲ
ŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇůŽŐ;D^ͿƌĞĐŽƌĚƐĂŶĚƌĞƐĂŵƉůŝŶŐĞǀĞƌǇϭŬĂ͕ĂĨƚĞƌĂƉƉůǇŝŶŐĂƐŵŽŽƚŚŝŶŐ'ĂƵƐƐͲ
ŝĂŶĨŝůƚĞƌǁŝƚŚ&t,DŽĨϮ͘ϱŬĂ͘dŚĞƐĞƐŵŽŽƚŚĞĚĂŶĚƌĞƐĂŵƉůĞĚůŽŐ;D^ͿƌĞĐŽƌĚƐǁĞƌĞƚŚĞŶ
ƐƚĂĐŬĞĚƚŽĞǆƚƌĂĐƚĂƐŝŐŶĂůƚŚĂƚŝƐƌĞƉƌĞƐĞŶƚĂƚŝǀĞŽĨƚŚĞǁŚŽůĞƚƌĂŶƐĞĐƚ͘


5HVXOWV

/LWKRVWUDWLJUDSK\
ZĞƐƵůƚƐŽĨƚŚĞ'ĂƵƐƐŝĂŶŵŝǆƚƵƌĞŵŽĚĞůĂƌĞƐƵŵŵĂƌŝǌĞĚŝŶ&ŝŐƵƌĞƐϰĂŶĚϱ͘tĞĐŚŽŽƐĞĂƚŚƌĞĞ
ĐůƵƐƚĞƌƐŽůƵƚŝŽŶ͕ĂƐŝƚĚŽĞƐĂŐŽŽĚũŽďŽĨĚĞƐĐƌŝďŝŶŐƚŚĞĚĂƚĂŝŶĂŐĞŽůŽŐŝĐĂůůǇŵĞĂŶŝŶŐĨƵůǁĂǇǁŝƚŚͲ
ŽƵƚŽǀĞƌĨŝƚƚŝŶŐƚŚĞĚĂƚĂ͘/ŶĐŽŵƉĂƌŝƐŽŶƚŽƚŚĞƐŚŝƉďŽĂƌĚĚĞƐĐƌŝƉƚŝŽŶƐŽĨƉƌŝŵĂƌǇůŝƚŚŽůŽŐǇ͕ĐůƵƐƚĞƌ
ϭǁĂƐŵĂŝŶůǇĚĞƐĐƌŝďĞĚĂƐĐĂůĐĂƌĞŽƵƐĐůĂǇ͕ĐůƵƐƚĞƌϮǁĂƐŵĂŝŶůǇĚĞƐĐƌŝďĞĚĂƐƐĂŶĚƐ͕ĂŶĚĐůƵƐƚĞƌϯ
ǁĂƐĚĞƐĐƌŝďĞĚĂƐĂŵŝǆƚƵƌĞŽĨůŝƚŚŽŐĞŶŝĐĐůĂǇƐ͕ƐŝůƚƐ͕ĂŶĚƐĂŶĚƐ͘ĐĐŽƌĚŝŶŐůǇ͕ǁĞŝŶƚĞƌƉƌĞƚĐůƵƐƚĞƌϭ
ĂƐĚĞƐĐƌŝďŝŶŐŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐĂŶĚĐůƵƐƚĞƌƐϮĂŶĚϯĂƐĚĞƐĐƌŝďŝŶŐĨĂŶƐĞĚŝŵĞŶƚƐ͕ƐƵĐŚĂƐ
ŵĂƐƐŝǀĞƐĂŶĚƐĚĞƉŽƐŝƚĞĚŝŶƐĂŶĚůŽďĞƐĂŶĚƚƵƌďŝĚŝƚĞƐ;Ğ͘Ő͘^ĐŚǁĞŶŬĞƚĂů͕͘ϮϬϬϱͿ͘
D^͕ǁŚŝĐŚƚƌĂĐŬƐƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨŵĂŐŶĞƚŝǌĂďůĞŵĂƚĞƌŝĂů͕ŝƐŐĞŶĞƌĂůůǇŚŝŐŚĞƐƚŝŶƐĂŶĚǇ
ĨĂŶƐĞĚŝŵĞŶƚƐ;ĐůƵƐƚĞƌϮͿŽǀĞƌŵƵĚĚǇ;ĐůĂǇĞǇͲƐĂŶĚǇͿƚƵƌďŝĚŝƚĞƐ;ĐůƵƐƚĞƌϯͿ͕ƐƵŐŐĞƐƚŝŶŐĂƉĂƌƚŝĐůĞ
ƐŝǌĞĐŽŶƚƌŽůŽŶŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇǀĂůƵĞƐ͕ĐŽŶƐŝƐƚĞŶƚǁŝƚŚƉƌĞǀŝŽƵƐŽďƐĞƌǀĂƚŝŽŶƐĨŽƌĞŶŐĂů
&ĂŶƐĞĚŝŵĞŶƚƐ;tĞďĞƌĞƚĂů͕͘ϮϬϬϯͿ͘ŝůƵƚŝŽŶŽĨƚŚĞƌĞůĂƚŝǀĞƉƌŽƉŽƌƚŝŽŶŽĨůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚƐďǇ
ďŝŽŐĞŶŝĐƐĞĚŝŵĞŶƚƐŝƐůŝŬĞůǇƚŚĞƉƌŝŵĂƌǇĐŽŶƚƌŽůŽŶƚŚĞůŽǁŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇǀĂůƵĞƐŝŶŚĞŵͲ
ŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐ;ĐůƵƐƚĞƌϭͿ͘/ƚŝƐƉŽƐƐŝďůĞ͕ďƵƚĚŝĨĨŝĐƵůƚƚŽĂƐƐĞƐƐĂƚƚŚŝƐƚŝŵĞ͕ƚŚĂƚƚŚĞƌĞĂƌĞĞŝƚŚĞƌ
ďĞĚƌŽĐŬŽƌǁĞĂƚŚĞƌŝŶŐƐŽƵƌĐĞĐŽŶƚƌŽůƐŽŶD^ĂƐǁĞůů͕ĂƐǁĂƐƐƵŐŐĞƐƚĞĚŝŶƚŚĞƐƚƵĚǇŽĨĚŝƐƚĂůĨĂŶ
ŵƵĚƚƵƌďŝĚŝƚŝĞƐ;^ĂŐĞƌĂŶĚ,Ăůů͕ϭϵϵϬͿĂŶĚĂǇŽĨĞŶŐĂůƐůŽƉĞƐĞĚŝŵĞŶƚƐ;WŚŝůůŝƉƐĞƚĂů͕͘ϮϬϭϰͿ͘>Ύ
ǀĂůƵĞƐĂƌĞƐŝŵŝůĂƌĨŽƌďŽƚŚĨĂŶƐĞĚŝŵĞŶƚĐůƵƐƚĞƌƐ͕ďƵƚĞǆŚŝďŝƚĂŵƵĐŚŐƌĞĂƚĞƌƌĂŶŐĞŝŶŚĞŵŝƉĞůĂŐŝĐ
ƐĞĚŝŵĞŶƚƐ͕ƌĞĨůĞĐƚŝŶŐŽƌďŝƚĂůƚŝŵĞƐĐĂůĞĐŽŶƚƌŽůƐŽŶƐĞĚŝŵĞŶƚĐŽŵƉŽƐŝƚŝŽŶŝŶƚŚĞŚĞŵŝƉĞůĂŐŝĐƐĞĚͲ
ŝŵĞŶƚƐ͕ĂƐĚŽĐƵŵĞŶƚĞĚĞůƐĞǁŚĞƌĞ;tĞďĞƌĞƚĂů͕͘ϮϬϬϯ͕ϮϬϭϴͿ͘E'Z͕ǁŚŝĐŚƚƌĂĐŬƐƚŚĞĂŵŽƵŶƚŽĨ
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
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
ƌĂĚŝŽĂĐƚŝǀĞŵĂƚĞƌŝĂůƐ͕ŝƐůŝŬĞůǇŽŶĨŝƌƐƚŽƌĚĞƌƌĞůĂƚĞĚƚŽƚŚĞƌĞůĂƚŝǀĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨůŝƚŚŽŐĞŶŝĐŵĂͲ
ƚĞƌŝĂůƐĂŶĚŽŶƐĞĐŽŶĚŽƌĚĞƌƌĞůĂƚĞĚƚŽƚŚĞƌĞůĂƚŝǀĞƉƌŽƉŽƌƚŝŽŶŽĨ<͕h͕ĂŶĚdŚďĞĂƌŝŶŐŵŝŶĞƌĂůƐŝŶ
ƚŚĞůŝƚŚŽŐĞŶŝĐĨƌĂĐƚŝŽŶ͘dŚĞƌĞŝƐĂƐƚƌŽŶŐŶĞŐĂƚŝǀĞĐŽƌƌĞůĂƚŝŽŶǁŝƚŚ>ΎŝŶŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐ͕
ƐƵŐŐĞƐƚŝŶŐƚŚŝƐƌĞĨůĞĐƚƐǀĂƌŝĂƚŝŽŶƐŝŶďŝŽŐĞŶŝĐĂŶĚůŝƚŚŽŐĞŶŝĐĐŽŶƚƌŝďƵƚŝŽŶƐ͘ŽŶǀĞƌƐĞůǇ͕ƚŚĞƌĞŝƐĂ
ƐƚƌŽŶŐƉŽƐŝƚŝǀĞĐŽƌƌĞůĂƚŝŽŶŝŶE'ZĂŶĚD^ŝŶƐĂŶĚǇĨĂŶƐĞĚŝŵĞŶƚƐ͕ƐƵŐŐĞƐƚŝŶŐǁŚĂƚĞǀĞƌŝƐĐŽŶƚƌŽůͲ
ůŝŶŐƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨŵĂŐŶĞƚŝĐŵŝŶĞƌĂůƐŝƐĂůƐŽĐŽŶƚƌŽůůŝŶŐƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨ<͕h͕ĂŶĚͬŽƌ
dŚďĞĂƌŝŶŐŵŝŶĞƌĂůƐ͘




&ŝŐƵƌĞϰ͘ŽŵƉĂƌŝƐŽŶŽĨƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐĂŶĚƌĞƐƵůƚƐŽĨƚŚĞĐůƵƐƚĞƌĂŶĂůǇƐŝƐ͘EĂƚƵƌĂůŐĂŵŵĂƌĂĚŝĂƚŝŽŶ
;E'ZͿĂŶĚŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇǁĞƌĞŶŽƌŵĂůŝǌĞĚďǇŐĂŵŵĂƌĂǇĂƚƚĞŶƵĂƚŝŽŶ;'ZͿĞƐƚŝŵĂƚĞƐŽĨďƵůŬ
ĚĞŶƐŝƚǇĨŽůůŽǁŝŶŐƚŚĞŵĞƚŚŽĚŽĨtĂůĐǌĂŬĞƚĂů͘;ϮϬϭϱͿ͘


Appendix 

XIII 




&ŝŐƵƌĞϱ͘ŽŵƉĂƌŝƐŽŶŽĨĐůƵƐƚĞƌĂŶĂůǇƐŝƐƌĞƐƵůƚƐǁŝƚŚƐŚŝƉďŽĂƌĚǀŝƐƵĂůĐŽƌĞĚĞƐĐƌŝƉƚŝŽŶƐ͘EŽƚĞĐůƵƐƚĞƌϭ;ĂͿ
ǁĂƐƉƌŝŵĂƌŝůǇĚĞƐĐƌŝďĞĚĂƐĐĂůĐĂƌĞŽƵƐĐůĂǇĂŶĚĐĂŶďĞŝŶƚĞƌƉƌĞƚĞĚĂƐŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐǁŚŝůĞĐůƵƐƚĞƌƐ
Ϯ;ďͿĂŶĚϯ;ĐͿǁĞƌĞŵŽƐƚůǇĚĞƐĐƌŝďĞĚĂƐǀĂƌŝŽƵƐŵŝǆƚƵƌĞƐŽĨůŝƚŚŽŐĞŶŝĐĐůĂǇƐ͕ƐŝůƚƐ͕ĂŶĚƐĂŶĚƐĂŶĚĐĂŶďĞ
ŝŶƚĞƌƉƌĞƚĞĚĂƐĨĂŶƐĞĚŝŵĞŶƚƐ͘ŽǆĂŶĚǁŚŝƐŬĞƌƉůŽƚƐ;ĚͲĞͿƐŚŽǁƚŚĞŵĞĚŝĂŶ;ŚŽƌŝǌŽŶƚĂůƌĞĚůŝŶĞͿ͕ƌĂŶŐĞŽĨ
ƚŚĞϮŶĚĂŶĚϯƌĚƋƵĂƌƚŝůĞ;ďŽǆͿ͕ĂŶĚϵϵ͘ϯйƌĂŶŐĞ;ǁŚŝƐŬĞƌƐͿĨŽƌƚŚĞƚŚƌĞĞƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐƵƐĞĚŝŶƚŚĞ
ĐůƵƐƚĞƌĂŶĂůǇƐŝƐ͘
 
Appendix 

XIV 



&ŝŐƵƌĞϲ͘^ŚŝƉďŽĂƌĚŵĞĂƐƵƌĞĚƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐ͕ƐĞĚŝŵĞŶƚůŝŐŚƚŶĞƐƐ;>ΎͿĂŶĚŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇ
;D^Ϳ͕ĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞyZ&ƌĂƚŝŽŽĨĂƚŽdŝĨŽƌŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐĂŶĚƚŚĞŝƌĐŽŶƚĂĐƚƐǁŝƚŚĨĂŶƐĞĚŝͲ
ŵĞŶƚƐĂƚ^ŝƚĞhϭϰϱϮ͘dŚĞƐĞĐŽŶƚĂĐƚƐŝŶĐůƵĚĞƚŚĞďĂƐĞŽĨƚŚĞ>ĂƚĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌ;>W,>Ϳ͕ƚŚĞ
ŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌĂƐƐŽĐŝĂƚĞĚǁŝƚŚƌƵŶŚĞƐŐĞĚZĞĨůĞĐƚŽƌϯ;ZϯͿ͕ĂŶĚƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝͲ
ƉĞůĂŐŝĐůĂǇĞƌ;DW,>Ϳ͘^ŚŝƉďŽĂƌĚůŝƚŚŽůŽŐŝĐĚĞƐĐƌŝƉƚŝŽŶƐĂŶĚŝŵĂŐĞƐĂƌĞŝŶĐůƵĚĞĚĨŽƌƌĞĨĞƌĞŶĐĞ͘dŚĞƌĞŝƐĂ
ƐƚĂƌŬĐŽŶƚƌĂƐƚďĞƚǁĞĞŶŚŝŐŚD^ĂŶĚůŽǁĂͬdŝŝŶĨĂŶĚĞƉŽƐŝƚƐĂŶĚůŽǁD^ĂŶĚŚŝŐŚĂͬdŝŝŶŚĞŵŝƉĞůĂŐŝĐ
ƐĞĚŝŵĞŶƚƐ͘>ΎŚŝŐŚƐŝŶŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚƐĐĂŶďĞƵƐĞĚƚŽŝĚĞŶƚŝĨǇƐĞĚŝŵĞŶƚƐĚĞƉŽƐŝƚĞĚĚƵƌŝŶŐŝŶƚĞƌŐůĂͲ
ĐŝĂůƚŝŵĞƐ;tĞďĞƌĞƚĂů͕͘ϮϬϭϴͿ͘ůƵĞƐŚĂĚŝŶŐŝŶĚŝĐĂƚĞƐƚŚĞŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐĚĞƉŽƐŝƚĞĚǁŝƚŚůŝƚƚůĞŝŶͲ
ĨůƵĞŶĐĞĨƌŽŵƚŚĞĨĂŶ͕ǁŚŝĐŚŝƐĚŝĨĨĞƌĞŶƚƚŚĂŶƐŚŝƉďŽĂƌĚĚĞƐĐƌŝƉƚŝŽŶƐŽĨĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐ͘



6HLVPLF5HIOHFWLRQ'DWD
dŚĞŵƵůƚŝĐŚĂŶŶĞůƐĞŝƐŵŝĐWƌŽĨŝůĞ'ĞŽϵϳͲϬϮϬͬϮϳĐƌŽƐƐĞƐĂůůƐĞǀĞŶ/KWǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƐ͘
/ŶĂĚĚŝƚŝŽŶƚŽƚŚĞƐĞŝƐŵŝĐͲƐƚƌĂƚŝŐƌĂƉŚǇĚŝƐĐƵƐƐĞĚďǇĞƌŐŵĂŶŶĞƚĂů͕͘;ŝŶƉƌĞƉͿǁĞŝĚĞŶƚŝĨŝĞĚƚŚƌĞĞ
ƌĞŐŝŽŶĂůůǇĐŽŶƚŝŶƵŽƵƐĂŶĚŚŝŐŚĂŵƉůŝƚƵĚĞƌĞĨůĞĐƚŽƌƐĂďŽǀĞƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐ
ůĂǇĞƌĞĂƐƚŽĨhϭϰϱϯ͕ǁŚŝĐŚǁĞŶĂŵĞƚŚĞƌƵŶŚĞƐͲŐĞĚZĞĨůĞĐƚŽƌƐ;ZͿϭ͕Ϯ͕ĂŶĚϯ;&ŝŐƵƌĞϮĂŶĚ
ϯͿ͘ZϭŽŶůĂƉƐƚŚĞDW,>ďĞƚǁĞĞŶ^ŝƚĞhϭϰϱϬĂŶĚhϭϰϰϵ;ĂƉƉƌŽǆŝŵĂƚĞůǇĂƚŬŵϯϬϱ͕&ŝŐƵƌĞϮͿ͘
ZϮŽŶůĂƉƐƚŚĞDW,>ĞĂƐƚŽĨ^ŝƚĞhϭϰϰϵďĞƚǁĞĞŶĂƉƉƌŽǆŝŵĂƚĞůǇŬŵϯϯϬͲϯϱϬ;&ŝŐƵƌĞϮͿ͘Zϯ
ĐĂŶďĞƚƌĂĐĞĚƵŶƚŝůĂƉƉƌŽǆŝŵĂƚĞůǇŬŵϯϴϬͲϯϵϬ͕ũƵƐƚǁĞƐƚŽĨ^ŝƚĞhϭϰϱϭ͕ǁŚĞƌĞŝƚŽŶůĂƉƐƚŚĞDW,>͘
dŚĞǁĞƐƚĞƌŶƚĞƌŵŝŶĂƚŝŽŶŽĨƚŚĞƚŚƌĞĞůĂǇĞƌƐŝƐŵĂƐŬĞĚďǇĂƐĞƚŽĨĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐ;EƵŵďĞƌƐ
ϰ͕ϭϲͬϭϳt͕ĂŶĚϮϵŝŶ&ŝŐƵƌĞϮͿ͘tŚĞƌĞĐŽƌĞƌĞĐŽǀĞƌǇŝƐŐŽŽĚ͕ƚŚĞƐĞƌĞĨůĞĐƚŽƌƐĂƉƉĞĂƌƚŽďĞƚŚĞ
ƌĞƐƵůƚŽĨƚŚĞŝŵƉĞĚĂŶĐĞĐŽŶƚƌĂƐƚƐďĞƚǁĞĞŶƚŚŝŶĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐĂŶĚĐŽĂƌƐĞͲŐƌĂŝŶĞĚĨĂŶ
ƐĞĚŝŵĞŶƚƐ;Ğ͘Ő͘&ŝŐƵƌĞϲͿ͘




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
XV 

$JH'HSWK0RGHOV
&ŽůůŽǁŝŶŐůĂĂƵǁĂŶĚŚƌŝƐƚĞŶ;ϮϬϭϭͿ͕ǁĞŽŶůǇƐĂŵƉůĞĞǀĞƌǇϭϬϬƚŚƌĞĂůŝǌĂƚŝŽŶŽĨƚŚĞƚͲ
ǁĂůŬ͘'ŽŽĚŶĞƐƐŽĨĨŝƚƌĞůĂƚŝǀĞƚŽƚŚĞƉƌŝŽƌĚŝƐƚƌŝďƵƚŝŽŶŝƐƚƌĂĐŬĞĚďǇƚŚĞͲůŽŐŽĨƚŚĞĞŶĞƌŐǇĨƵŶĐͲ
ƚŝŽŶ;ƋƵĂƚŝŽŶϯͿ͘^ŝŶĐĞƚŚĞŝŶŝƚŝĂůĐŽŶĚŝƚŝŽŶƐƉŽŽƌůǇĨŝƚƚŚĞƉƌŝŽƌĚŝƐƚƌŝďƵƚŝŽŶƐ͕ĂƐĞƚŽĨƐĂǀĞĚŝƚĞƌͲ
ĂƚŝŽŶƐŶĞĞĚƚŽďĞƌĞŵŽǀĞĚ͕ŽƌďƵƌŶĞĚͲŝŶ͕ĂƐƚŚĞƚͲǁĂůŬĐŽŶǀĞƌŐĞƐŽŶƐŽůƵƚŝŽŶƐǁŝƚŚŐŽŽĚĨŝƚ͘tĞ
ďƵƌŶͲŝŶϭϱ͕ϬϬϬŽĨƚŚĞƐĂǀĞĚŝƚĞƌĂƚŝŽŶƐďĂƐĞĚŽŶǁŚĞƌĞƚŚĞͲůŽŐŽĨƚŚĞĞŶĞƌŐǇĨƵŶĐƚŝŽŶƐĞĞŵƐƚŽ
ƐƚĂďŝůŝǌĞ͕ůĞĂǀŝŶŐϳϬ͕ϮϴϰŝƚĞƌĂƚŝŽŶƐ͕ŽƌĂŐĞͲĚĞƉƚŚĐŽŵďŝŶĂƚŝŽŶƐƚŚĂƚƌĞƐƉĞĐƚƐƚƌĂƚŝŐƌĂƉŚŝĐƌĞůĂͲ
ƚŝŽŶƐŚŝƉĨŽƌĞĂĐŚƐŝƚĞŽĨƚŚĞƚƌĂŶƐĞĐƚ͕ƚŽƵƐĞŝŶŽƵƌĂŶĂůǇƐŝƐ;&ŝŐƵƌĞϳͿ͘ƐĞǆƉĞĐƚĞĚ͕ďĂƐĞĚŽŶŽƵƌ
ŵŽĚĞůŝŶƉƵƚƐ͕ƐĞĚŝŵĞŶƚƐŝĚĞŶƚŝĨŝĞĚĂƐŚĞŵŝƉĞůĂŐŝĐďǇƚŚĞĐůƵƐƚĞƌĂŶĂůǇƐŝƐŚĂǀĞůŽǁĂĐĐƵŵƵůĂƚŝŽŶ
ƌĂƚĞƐ͕ǁŚŝůĞĨĂŶƐĞĚŝŵĞŶƚƐŚĂǀĞŚŝŐŚĞƌĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͘
ĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƌĞǁŝĚĞůǇǀĂƌŝĂďůĞŽŶŽƵƌŵŽĚĞůŽƵƚƉƵƚƐ͕ƌĞĨůĞĐƚŝŶŐĂĐŽŵďŝŶĂƚŝŽŶ
ŝŶƚŚĞĂĐƚƵĂůĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞǀĂƌŝĂďŝůŝƚǇĂŶĚƵŶĐĞƌƚĂŝŶƚǇŽĨŽƵƌŵŽĚĞůŝƚƐĞůĨ͘tĞĐĂůĐƵůĂƚĞƚŚĞ
ĚŝƐƚƌŝďƵƚŝŽŶƐŽĨĂĐĐƵŵƵůĂƚŝŽŶƐƌĂƚĞƐĨŽƌŚĞŵŝƉĞůĂŐŝĐĂŶĚĨĂŶĚĞƉŽƐŝƚƐ͕ďĂƐĞĚŽŶƚŚĞĚĞƐŝŐŶĂƚŝŽŶ
ĨƌŽŵŽƵƌĐůƵƐƚĞƌĂŶĂůǇƐŝƐƌĞƐƵůƚƐ;&ŝŐƵƌĞϴͿ͘DĞĚŝĂŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĨŽƌŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚƐ
ƌĂŶŐĞĨƌŽŵϮ͘ϭͲϲ͘ϬĐŵͬŬĂĨŽƌƚŚĞƐĞǀĞŶƐŝƚĞƐĂŶĚĚŝƐƚƌŝďƵƚŝŽŶƐƌĂŶŐĞĨƌŽŵĂďŽƵƚϭϬϬʹϭϬϭĐŵͬŬĂ͘
dŚĞůŽǁĞƐƚŵĞĚŝĂŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƌĞĂƚhϭϰϱϰĂŶĚhϭϰϰϵ͕ƚŚĞůĂƚƚĞƌŽĨǁŚŝĐŚŝƐƚŚĞƐŝƚĞ
ǁŝƚŚďĞƐƚĐŚƌŽŶŽůŽŐŝĐĐŽŶƚƌŽůŝŶƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞĂŶĚůŽŶŐĞƐƚƌĞĐŽǀĞƌĞĚƐĞƋƵĞŶĐĞǁŝƚŚŽƵƚ
ŝŶƚĞƌĐĂůĂƚĞĚƚƵƌďŝĚŝƚĞƐ͕ĚƵĞƚŽĂƚŚŝĐŬƐĞƋƵĞŶĐĞƌĞĐŽǀĞƌĞĚŝŶŽƌĞϭϴ,ƚŚĂƚĞǆŚŝďŝƚƐůŝƚƚůĞƚƵƌͲ
ďŝĚŝƚŝĐŝŶĨůƵĞŶĐĞĨŽůůŽǁŝŶŐƚŚĞ:ĂƌĂŵŝůůŽ^ƵďĐŚƌŽŶĂŶĚDĂƚƵǇĂŵĂͲƌƵŶŚĞƐďŽƵŶĚĂƌǇƌĞůĂƚŝǀĞƚŽ
ŽƚŚĞƌƐŝƚĞƐ͘,ŝŐŚŵĞĚŝĂŶŚĞŵŝƉĞůĂŐŝĐĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐǁĞƌĞŵŽĚĞůĞĚĨŽƌhϭϰϱϬ͘dŚŝƐŝƐůŝŬĞůǇ
ŝŶƉĂƌƚĂƌĞƐƵůƚŽĨĚƌŝůůĞĚŝŶƚĞƌǀĂůƐϯϯ/ĂŶĚϯϱ/;&ŝŐƵƌĞϯͿ͕ǁŚŝĐŚůŝŵŝƚĞĚƌĞĐŽǀĞƌǇŽĨDŝĚĚůĞWůĞŝƐͲ
ƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚƐĂŶĚĂƐƐŽĐŝĂƚĞĚĂŐĞĐŽŶƚƌŽůƉŽŝŶƚƐͶŶŽƚĂďůǇƚŚĂƚhϭϰϱϬǁĂƐƚŚĞ
ŽŶůǇƐŝƚĞƚŚĂƚĚŝĚŶ͛ƚƌĞĐŽǀĞƌƚŚĞDĂƚƵǇĂŵĂͲƌƵŶŚĞƐŵĂŐŶĞƚŝĐƌĞǀĞƌƐĂůŽƌƚŚĞKůĚĞƐƚdŽďĂ
dĞƉŚƌĂ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘KƚŚĞƌƐŝƚĞƐ͕ůŝŬĞhϭϰϱϮ͕ŚĂǀĞĚŝƐƚƌŝďƵƚŝŽŶƐƚŚĂƚŝŶĐůƵĚĞ
ŚŝŐŚĞƌŚĞŵŝƉĞůĂŐŝĐĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͕ǁĞƌĞŶŽƚĞĚƚŽŚĂǀĞĨƌĞƋƵĞŶƚĨŝŶĞŐƌĂŝŶĞĚƚƵƌďŝĚŝƚĞƐŝŶͲ
ƚĞƌĐĂůĂƚĞĚǁŝƚŚĐĂůĐĂƌĞŽƵƐĐůĂǇƐĞĚŝŵĞŶƚƐŶĞĂƌƚŚĞƚŽƉŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐ
ůĂǇĞƌ͘dŚĞĚŝĨĨĞƌĞŶĐĞƐŶŽƚĞƐŝŶƐŝƚĞƐůŝŬĞhϭϰϰϵǀĞƌƐƵƐhϭϰϱϮĂƌĞĂůƐŽŽďƐĞƌǀĞĚŝŶǀĂƌŝĂƚŝŽŶƐŽĨ
ƚŚĞƚŚŝĐŬŶĞƐƐŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌŝŶƚŚĞƐĞŝƐŵŝĐŝŵĂŐŝŶŐ͕ǁŝƚŚhϭϰϰϵ
ĐĂƉƚƵƌŝŶŐŽŶĞŽĨƚŚĞƚŚŝŶŶĞƐƚĞǆĂŵƉůĞƐĂŶĚhϭϰϱϮĐĂƉƚƵƌŝŶŐŽŶĞŽĨƚŚĞƚŚŝĐŬĞƐƚ;ĞƌŐŵĂŶŶĞƚ
Ăů͕͘ŝŶƉƌĞƉ͘Ϳ͘
&ĂŶĚĞƉŽƐŝƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞĚŝƐƚƌŝďƵƚŝŽŶƐĂƌĞŵƵĐŚǁŝĚĞƌ͕ƌĂŶŐŝŶŐĨƌŽŵĂďŽƵƚϭϬϭͲϭϬϰ
ĐŵͬŬĂ͘tŚŝůĞǁĞĞǆƉĞĐƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐƚŽďĞǁŝĚĞůǇǀĂƌŝĂďůĞŝŶƚŚĞƐĞƐĞĚŝŵĞŶƚƐ͕ŵƵĐŚŽĨ
ƚŚŝƐƐƉƌĞĂĚŝƐƌĞůĂƚĞĚƚŽŶŽƚƵƐŝŶŐĂĨĂŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƉƌŝŽƌŝŶŽƵƌŵŽĚĞů͘DĞĚŝĂŶĂĐĐƵŵƵůĂͲ
ƚŝŽŶƌĂƚĞƐƌĂŶŐĞĨƌŽŵϰϭ͘ϳƚŽϭϱϵ͘ϳĐŵͬŬĂ͕ǁŝƚŚƚŚĞƐƉĂƚŝĂůƉĂƚƚĞƌŶŽĨŵĞĚŝĂŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞ
ĨŽůůŽǁŝŶŐƚŚĞƐĂŵĞƉĂƚƚĞƌŶĂƐƐĞŝƐŵŝĐƐƚƌĂƚŝŐƌĂƉŚŝĐƚŚŝĐŬŶĞƐƐďĞƚǁĞĞŶhϭϰϱϰĂŶĚhϭϰϰϵ͕ǁŝƚŚ
ƚŚĞƚŚŝĐŬĞƐƚĚĞƉŽƐŝƚƐĨŽƵŶĚďĞƚǁĞĞŶƚŚĞϴϱĂƐƚĂƐĞŵĞŶƚZŝĚŐĞĂŶĚEŝŶĞƚǇĞĂƐƚZŝĚŐĞ
;^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘
dŚĞƐƉĂƚŝĂůƉĂƚƚĞƌŶŽĨŵĞĚŝĂŶŵŽĚĞůĞĚƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͕ĐĂůĐƵůĂƚĞĚŽǀĞƌϭ
ŬĂƚŝŵĞŝŶƚĞƌǀĂůƐ͕ŝŶĚŝĐĂƚĞƚŚĂƚĞĂƌůŝĞƐƚĞƉŝƐŽĚĞƐŽĨŚŝŐŚ͕хϭϬϭĐŵͬŬĂ͕ůŽŶŐƚĞƌŵĂĐĐƵŵƵůĂƚŝŽŶ
ƌĂƚĞƐŽĐĐƵƌƌĞĚŶĞĂƌƚŚĞĐĞŶƚĞƌŽĨƚŚĞƚƌĂŶƐĞĐƚĨŽůůŽǁŝŶŐĚĞƉŽƐŝƚŝŽŶŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ
ŚĞŵŝƉĞůĂŐŝĐƵŶŝƚ;&ŝŐƵƌĞϴͿ͘dŚĞƐĞŚŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƐĂƌĞŵŽĚĞůĞĚĞĂƌůŝĞƐƚĂƚhϭϰϱϬ͕ǁŚŝĐŚŝƐ
ĐŽŶƐŝƐƚĞŶƚǁŝƚŚƚŚĞƐƚƌĂƚŝŐƌĂƉŚŝĐĂůůǇŽůĚĞƐƚĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐŝĚĞŶƚŝĨŝĞĚĂďŽǀĞƚŚĞDŝĚĚůĞ
WůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌŝŶƐĞŝƐŵŝĐŝŵĂŐŝŶŐ;&ŝŐƵƌĞϮͿ͖ŚŽǁĞǀĞƌ͕ĂƐŵĞŶƚŝŽŶĞĚĞĂƌůŝĞƌ͕
hϭϰϱϬǁĂƐĂůƐŽƚŚĞŽŶůǇƐŝƚĞƚŽŶŽƚƌĞĐŽǀĞƌƚŚĞDĂƚƵǇĂŵĂͲƌƵŶŚĞƐŽƵŶĚĂƌǇĂŶĚĂĐĐŽƌĚŝŶŐůǇ
ŚĂƐǁŽƌƐĞĂŐĞĐŽŶƚƌŽůƚŚĂŶƚŚĞŽƚŚĞƌƐŝƚĞƐ͘,ŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐƐƉƌĞĂĚŽƵƚǁĂƌĚƐ͕ĨŽůůŽǁŝŶŐ
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
ƚŚĞƐƚĂĐŬŝŶŐƉĂƚƚĞƌŶĚĞĨŝŶĞĚďǇĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉͿ͕ĂŶĚƵůƚŝŵĂƚĞůǇƐǁŝƚĐŚĞƐƚŽƚŚĞŚŝŐŚĞƐƚ
ĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƚŽƵƌǁĞƐƚĞƌŶŵŽƐƚƐŝƚĞ͕hϭϰϱϰ͕ďĞƚǁĞĞŶϮϬϬʹϯϬϬŬĂ͘^ŝƚĞhϭϰϱϱŝƐƚŚĞ
ŽŶůǇƐŝƚĞƚŚĂƚĞǆƉĞƌŝĞŶĐĞƐǀĞƌǇŚŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐŶĞĂƌƚŚĞďĂƐĞŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ
ŚĞŵŝƉĞůĂŐŝĐƵŶŝƚ͕ůŝŬĞůǇƌĞůĂƚĞĚƚŽŝŶĐŽŵƉůĞƚĞƌĞĐŽǀĞƌǇŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐ
ƵŶŝƚůĞĂĚŝŶŐƚŽŶŽĐŽŶƐƚƌĂŝŶƚƐĨƌŽŵƚŚĞŽďďDŽƵŶƚĂŝŶ^ƵďĐŚƌŽŶ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘


&ŝŐƵƌĞϳ͘ŐĞͲĚĞƉƚŚŵŽĚĞůƐǁŝƚŚŵĞĚŝĂŶĂŐĞ;ďůĂĐŬůŝŶĞͿĂŶĚϵϵйĐŽŶĨŝĚĞŶĐĞŝŶƚĞƌǀĂůƐ;ŐƌĂǇƐŚĂĚŝŶŐͿĨŽƌĂůů
/KWǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƐ͘ZĞƉƌĞƐĞŶƚĂƚŝǀĞƐƚƌĂƚŝŐƌĂƉŚǇĨŽƌĨĂŶ;ǇĞůůŽǁͿĂŶĚŚĞŵŝƉĞůĂŐŝĐ;ďůƵĞͿĚĞƉŽƐŝƚƐĂƌĞ
ŝŶĐůƵĚĞĚĨŽƌƌĞĨĞƌĞŶĐĞ͘>ĞǀĞĞƐǇƐƚĞŵƐŽĨĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉͿŚŝŐŚůŝŐŚƚĞĚŝŶĚĂƌŬĞƌǇĞůůŽǁĂŶĚŶƵŵͲ
ďĞƌĞĚĂƐŝŶ&ŝŐƵƌĞϮ͘ďƵƌŶͲŝŶŽĨϭϱ͕ϬϬϬŵŽĚĞůƌƵŶƐǁĂƐƵƐĞĚƚŽƌĞŵŽǀĞĞĂƌůǇŝƚĞƌĂƚŝŽŶƐƚŚĂƚŚĂǀĞƉŽŽƌĨŝƚƐ
ƚŽƚŚĞƉƌŝŽƌĚŝƐƚƌŝďƵƚŝŽŶ͕ƚƌĂĐŬĞĚďǇůŽǁĞƌǀĂůƵĞƐŽĨƚŚĞͲůŽŐŽĨƚŚĞĞŶĞƌŐǇĨƵŶĐƚŝŽŶ;ƋƵĂƚŝŽŶϯͿ͘
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
&ŝŐƵƌĞϴ͘ZĞƐƵůƚŝŶŐƐĞĚŝŵĞŶƚĂƚŝŽŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĨƌŽŵƚŚĞĂŐĞͲĚĞƉƚŚŵŽĚĞůƐƉƌĞƐĞŶƚĞĚŝŶ&ŝŐƵƌĞϳ͘
dŽƉ͗^ĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞĚŝƐƚƌŝďƵƚŝŽŶƐĨŽƌĨĂŶĚĞƉŽƐŝƚƐ;ŽƌĂŶŐĞͿĂŶĚŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚƐ;ďůƵĞͿ
ǁŝƚŚŵĞĚŝĂŶǀĂůƵĞƐŝŶĐŵͬŬĂŝŶĚŝĐĂƚĞĚĂƐŚŽƌŝǌŽŶƚĂůůŝŶĞƐĨŽƌĞĂĐŚƐŝƚĞ͘ŽƚƚŽŵ͗DĞĚŝĂŶŵŽĚĞůĞĚĂĐĐƵŵƵͲ
ůĂƚŝŽŶƌĂƚĞƐĐĂůĐƵůĂƚĞĚŝŶϭŬĂƚŝŵĞŝŶĐƌĞŵĞŶƚƐƉůŽƚƚĞĚĂƐĂŶŝŶƚĞƌƉŽůĂƚĞĚƐƵƌĨĂĐĞĂŐĂŝŶƐƚůĂƚŝƚƵĚĞĂŶĚ
ƚŝŵĞ͘dŚĞ>ZϬϰĞŶƚŚŝĐɷϭϴKƐƚĂĐŬ;>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ͕ϮϬϬϱͿǁŝƚŚƚŚĞŵĂŐŶĞƚŝĐƉŽůĂƌŝƚǇƚŝŵĞƐĐĂůĞ;ŚĂŶͲ
ŶĞůůĞƚĂů͕͘ϮϬϭϲͿŝƐƉůŽƚƚĞĚĨŽƌƌĞĨĞƌĞŶĐĞ͕ǁŝƚŚŐƌĞĂƚĞƌɷϭϴKǀĂůƵĞƐŝŶĚŝĐĂƚŝŶŐƚŝŵĞƐŽĨŝŶĐƌĞĂƐĞĚŝĐĞǀŽůƵŵĞ͕
ĐŽŽůĞƌĚĞĞƉŽĐĞĂŶƚĞŵƉĞƌĂƚƵƌĞƐ͕ĂŶĚůŽǁĞƌƐĞĂůĞǀĞů͘dŚĞďůƵĞƐŚĂĚĞĚŝŶƚĞƌǀĂůƌĞƉƌĞƐĞŶƚƐƚŚĞƚŝŵĞƉĞƌŝŽĚ
ǁŚĞƌĞŶŽƚƵƌďŝĚŝƚĞƐǁĞƌĞŽďƐĞƌǀĞĚĂůŽŶŐƚŚĞϴΣEƚƌĂŶƐĞĐƚĂŶĚĂŐĞĐŽŶƚƌŽůŝƐďĞƐƚ;tĞďĞƌĂŶĚZĞŝůůǇ͕
ϮϬϭϴͿ͘,ŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƚhϭϰϱϱĂƚƚŚĞďĂƐĞŽĨƚŚŝƐƵŶŝƚŝƐůŝŬĞůǇƌĞůĂƚĞĚƚŽŝŶĐŽŵƉůĞƚĞƌĞĐŽǀĞƌǇŽĨ
ƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌĂƚƚŚŝƐƐŝƚĞ;&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿ͘dŚĞŐƌĂǇƐŚĂĚĞĚŝŶƚĞƌǀĂů
ŝŶĚŝĐĂƚĞƐƚŚĞŝŶƚĞƌǀĂůǁŚĞƌĞƚŚĞĚĞƉŽĐĞŶƚĞƌŝƐĨŽĐƵƐĞĚŽŶƚŚĞǁĞƐƚĞƌŶĨĂŶ͕ĂƐƌĞĐŽŐŶŝǌĞĚŝŶƐĞŝƐŵŝĐĚĂƚĂ
;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͖͘^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘



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'LVFXVVLRQ

$VVHVVLQJWKH$JHVRI5HJLRQDOO\([WHQVLYH%UXQKHV$JHG5HIOHFWRUV%$5
dŚĞƚŚƌĞĞƌĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞŚŝŐŚĂŵƉůŝƚƵĚĞƌĞĨůĞĐƚŽƌƐĂďŽǀĞƚŚĞƚŚŝĐŬDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ
ŚĞŵŝƉĞůĂŐŝĐƵŶŝƚ͕ZϭͲϯ;&ŝŐƵƌĞϮĂŶĚϯͿŽĨƚĞŶ͕ǁŚĞƌĞĐŽƌĞƌĞĐŽǀĞƌǇǁĂƐŐŽŽĚ͕ĐŽƌƌĞůĂƚĞƌĞĨůĞĐͲ
ƚŽƌƐǁŝƚŚƚŚŝŶĐĂůĐĂƌĞŽƵƐĐůĂǇƵŶŝƚƐŝŶƚŚĞĐŽƌĞƐ;Ğ͘Ő͘&ŝŐƵƌĞϲͿ͘dŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚƚŚĞŝŵƉĞĚĂŶĐĞ
ĐŽŶƚƌĂƐƚďĞƚǁĞĞŶŚĞŵŝƉĞůĂŐŝĐĂŶĚĨĂŶĚĞƉŽƐŝƚƐĐƌĞĂƚĞƚŚĞƐĞƌĞĨůĞĐƚŽƌƐĂŶĚƚŚĞǇƌĞƉƌĞƐĞŶƚƚŝŵĞ
ŝŶƚĞƌǀĂůƐŽĨǁŝĚĞƐƉƌĞĂĚůŽǁĂĐĐƵŵƵůĂƚŝŽŶĂůŽŶŐƚŚĞϴΣEƚƌĂŶƐĞĐƚ͘>Ύ͕yZ&ŐĞŽĐŚĞŵŝƐƚƌǇ͕ĂŶĚD^
ĨŽƵŶĚŝŶƚŚĞƵŶŝƚƚŚĂƚĐŽƌƌĞůĂƚĞĚǁŝƚŚƚŚĞǇŽƵŶŐĞƐƚŽĨƚŚĞƚŚƌĞĞƌĞĨůĞĐƚŽƌƐ͕ZͲϯ͕ĂƌĞĐŽŶƐŝƐƚĞŶƚ
ǁŝƚŚĂƚƌĂŶƐŝƚŝŽŶĨƌŽŵŐůĂĐŝĂů;>ŽǁD^͕>Žǁ>ΎͿƚŽŝŶƚĞƌŐůĂĐŝĂůƐĞĚŝŵĞŶƚƐ;>ŽǁD^͕,ŝŐŚ>ΎͿǁŝƚŚĂ
ƐŚĂƌƉƵƉƉĞƌĐŽŶƚĂĐƚƚŚĂƚĐŽƵůĚďĞĞƌŽƐŝŽŶĂů;&ŝŐƵƌĞϲͿ͘/ƚŝƐŵŽƌĞĚŝĨĨŝĐƵůƚƚŽŝŶƚĞƌƉƌĞƚƚŚĞŶĂƚƵƌĞ
ŽĨƐĞĚŝŵĞŶƚƐŝŶZͲϭĂŶĚZͲϮ͕ďƵƚƚŚŝƐĐŽƵůĚďĞƌĞůĂƚĞĚĐŽƌĞƌĞĐŽǀĞƌǇŽƌĞƌŽƐŝŽŶŽĨƚŚĞƵƉƉĞƌ
ŚĞŵŝƉĞůĂŐŝĐƐƵƌĨĂĐĞ͘ůƚŚŽƵŐŚŝƚŝƐĚŝĨĨŝĐƵůƚƚŽŬŶŽǁƚŚĞĞǆĂĐƚŶĂƚƵƌĞŽĨƚŚĞƐĞĚĞƉŽƐŝƚƐ͕ƚŚĞƉƌĞƐͲ
ĞŶĐĞŽĨƚŚĞƐĞƌĞŐŝŽŶĂůůǇĐŽŶƚŝŶƵŽƵƐƌĞĨůĞĐƚŽƌƐƐƵŐŐĞƐƚĨĂŶƐĞĚŝŵĞŶƚƐĚĞƉŽƐŝƚĞĚĨŽůůŽǁŝŶŐĚĞƉŽƐŝͲ
ƚŝŽŶŽĨƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƵŶŝƚǁĞƌĞĚĞůŝǀĞƌĞĚŝŶĂƐĞƌŝĞƐŽĨƉƵůƐĞƐ͘
tĞŝŶǀĞƐƚŝŐĂƚĞƚŚĞĂŐĞƐĂŶĚƉŽƚĞŶƚŝĂůƚŝŵŝŶŐŽĨĞĂĐŚZƐŽƚŚĂƚǁĞĐĂŶĚŝƐĐƵƐƐƉŽƐƐŝďůĞ
ĨůƵǆĞƐŽĨƐĞĚŝŵĞŶƚƚŽϴΣEĚƵƌŝŶŐĞĂĐŚŽĨƚŚĞĂƐƐŽĐŝĂƚĞĚĨĂŶƵŶŝƚƐ͘dŽĚŽƐŽ͕ǁĞĐĂůĐƵůĂƚĞƚŚĞĂŐĞ
ĚŝƐƚƌŝďƵƚŝŽŶƐĨƌŽŵŽƵƌĂŐĞŵŽĚĞůƐŽĨƚŚĞƉƌĞĚŝĐƚĞĚĚĞƉƚŚƌĂŶŐĞ;ĚĞĞƉĞƐƚĞƐƚŝŵĂƚĞƚŽƐŚĂůůŽǁĞƐƚ
ĞƐƚŝŵĂƚĞͿ͕ĂĐĐŽƌĚŝŶŐƚŽĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉ͘Ϳ͕ŽĨĞĂĐŚZǁŚĞƌĞƚŚĞǇĂƌĞŽďƐĞƌǀĞĚƚŽĐƌŽƐƐ
ĂŶ/KWǆƉĞĚŝƚŝŽŶϯϱϰ^ŝƚĞ;&ŝŐƵƌĞϵͿ͘ŐĞĚŝƐƚƌŝďƵƚŝŽŶƐĂƌĞŽĨƚĞŶǁŝĚĞ͕ŝůůƵƐƚƌĂƚŝŶŐƚŚĞůĂƌŐĞƵŶͲ
ĐĞƌƚĂŝŶƚǇŽĨĂŐĞƐŝŶĨĂŶƐĞĚŝŵĞŶƚƐďĞƚǁĞĞŶƚŚĞƚŚŝĐŬƌĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞŵŝĚĚůĞĂŶĚůĂƚĞWůĞŝƐƚŽͲ
ĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƵŶŝƚƐ͖ŚŽǁĞǀĞƌ͕ŵŽƐƚĂŐĞĚŝƐƚƌŝďƵƚŝŽŶƐĂƌĞǁŝƚŚŝŶƵŶĐĞƌƚĂŝŶƚǇŽĨĞĂĐŚŽƚŚĞƌ͘
hϭϰϱϬŝƐĂŶĞǆĐĞƉƚŝŽŶƚŽƚŚŝƐǁŝƚŚZϭƐŝŐŶŝĨŝĐĂŶƚůǇŽůĚĞƌƚŚĂŶĞƐƚŝŵĂƚĞƐĂƚŽƚŚĞƌƐŝƚĞƐ͘dŚŝƐŵĂǇ
ďĞƚŚĞƌĞƐƵůƚŽĨůŝŵŝƚĞĚƌĞĐŽǀĞƌǇĂŶĚĨĞǁĞƌĂŐĞĐŽŶƚƌŽůƉŽŝŶƚƐŝŶƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞĂƐĚŝƐͲ
ĐƵƐƐĞĚŝŶ^ĞĐƚŝŽŶϰ͘ϰ͘Ϯ͘

&ŝŐƵƌĞϵ͘ŐĞĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƌƵŶŚĞƐŐĞZĞĨůĞĐƚŽƌƐ;ZͿϭͲϯ͕ĐĂůĐƵůĂƚĞĚĨƌŽŵĂůůĂŐĞƐŝŶƚŚĞŝŶƚĞƌǀĂůďĞͲ
ƚǁĞĞŶƚŚĞƵƉƉĞƌŵŽƐƚĂŶĚůŽǁĞƌŵŽƐƚĚĞƉƚŚĞƐƚŝŵĂƚĞƐŽĨĞƌŐŵĂŶŶĞƚĂů͘;ŝŶƉƌĞƉͿďĂƐĞĚŽŶƐĞŝƐŵŝĐĚĂƚĂ͘
dŚĞďŽƚƚŽŵƉĂŶĞůŝŶĐůƵĚĞƐƚŚĞƐƵŵƉƌŽďĂďŝůŝƚǇĚŝƐƚƌŝďƵƚŝŽŶŽĨĂůůŽďƐĞƌǀĂƚŝŽŶƐ͘dŚĞ>ZϬϰďĞŶƚŚŝĐŝƐŽƚŽƉĞ
ƐƚĂĐŬǁŝƚŚŝŶƚĞƌŐůĂĐŝĂůŵĂƌŝŶĞŝƐŽƚŽƉĞƐƚĂŐĞ;D/^ͿŶƵŵďĞƌƐŝƐŝŶĐůƵĚĞĚĨŽƌĐŽŵƉĂƌŝƐŽŶ;>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ͕
ϮϬϬϱͿ͘
Appendix 

XIX 

dŚĞZϯĂŐĞĚŝƐƚƌŝďƵƚŝŽŶŽŶůǇƐƉĂŶƐŽŶĞŵĂũŽƌŐůĂĐŝĂůͲŝŶƚĞƌŐůĂĐŝĂůƚƌĂŶƐŝƚŝŽŶĂŶĚǁĂƐůŝŬĞůǇ
ĚĞƉŽƐŝƚĞĚĂƌŽƵŶĚƚŚĞƚƌĂŶƐŝƚŝŽŶĨƌŽŵŐůĂĐŝĂůD/^ϭϬƚŽŝŶƚĞƌŐůĂĐŝĂůD/^ϵ͕ďĂƐĞĚŽŶƐĞĚŝŵĞŶƚŽůŽŐͲ
ŝĐĂůŽďƐĞƌǀĂƚŝŽŶƐĨƌŽŵhϭϰϱϮ;&ŝŐƵƌĞϲͿ͘ZϭĂƚhϭϰϱϮĂŶĚhϭϰϱϯƐĞĞŵƐƚŽďĞŵŽƐƚĐŽŶƐŝƐƚĞŶƚ
ǁŝƚŚďĞŝŶŐĚĞƉŽƐŝƚĞĚĚƵƌŝŶŐD/^ϭϯ͘dŚŝƐŝƐĐŽŶƐŝƐƚĞŶƚƚƌĂĐŝŶŐƚŚĞůĂǇĞƌƚŽŵĞƌŐĞǁŝƚŚƚŚĞƵƉƉĞƌͲ
ŵŽƐƚDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƵŶŝƚĂƚhϭϰϰϵ͕ǁŚŝĐŚĞǆƉĞƌŝĞŶĐĞƐůŝƚƚůĞƚƵƌďŝĚŝƚŝĐŝŶĨůƵĞŶĐĞ
ĂŶĚĐĂŶďĞĚĂƚĞĚƚŽĂƚ ůĞĂƐƚD/^ϭϱ͕ǁŝƚŚĂĚĚŝƚŝŽŶĂůŚĞŵŝƉĞůĂŐŝĐƐĞĚŝŵĞŶƚĂďŽǀĞƚŚĂƚŵĂƌŬĞƌ
;tĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘'ŝǀĞŶƚŚĂƚZϭĂŶĚZϯĂƌĞůŝŬĞůǇĂƐƐŽĐŝĂƚĞĚǁŝƚŚŝŶƚĞƌŐůĂĐŝĂůƐĞĂůĞǀĞů
ŚŝŐŚƐƚĂŶĚƐ͕ŝƚŝƐƚĞŵƉƚŝŶŐƚŽĂƐƐŝŐŶZϮƚŽD/^ϭϭ͘,ŽǁĞǀĞƌ͕ĞǀĞŶƚŚŽƵŐŚZϮŵĂǇďĞǁŝƚŚŝŶ
ƵŶĐĞƌƚĂŝŶƚǇŽĨD/^ϭϭ ŝŶ ƐŽŵĞ ŝŶƐƚĂŶĐĞƐŽĨ ƚŚĞ ĂŐĞͲĚĞƉƚŚŵŽĚĞůůŝŶŐĞǆĞƌĐŝƐĞ ƉƌĞƐĞŶƚĞĚŚĞƌĞ͕
ƚŚĞƌĞŝƐůŝƚƚůĞĂŐĞĐŽŶƚƌŽůĂƌŽƵŶĚƚŚŝƐƚŝŵĞĂŶĚŶŽĚŝƌĞĐƚƐƵƉƉŽƌƚĨŽƌƚŚŝƐƐĐĞŶĂƌŝŽĂƚƉƌĞƐĞŶƚ͘

6WDFNLQJ([SHGLWLRQ5HFRUGVWR(VWDEOLVKD5HJLRQDO6LJQDO
ƐĞĂĐŚǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞŚĂƐŝŵƉĞƌĨĞĐƚƌĞĐŽǀĞƌǇ͕ĂŶŝŶĐŽŵƉůĞƚĞƌĞĐŽƌĚŽĨĨĂŶĚĞƉŽƐŝͲ
ƚŝŽŶ͕ĂŶĚƐŝŐŶŝĨŝĐĂŶƚƵŶĐĞƌƚĂŝŶƚǇŝŶŝƚƐĂŐĞͲĚĞƉƚŚŵŽĚĞů͕ǁĞĞǆƉůŽƌĞƚŚĞƌĞŐŝŽŶĂůƐŝŐŶĂůƐƉĂŶŶŝŶŐ
ƚŚĞϯϮϬŬŵŽĨƚŚĞƚƌĂŶƐĞĐƚĂƚϴΣE͘dŽĚŽƐŽ͕ǁĞďƵŝůĚƚǁŽĚĂƚĂƐƚĂĐŬƐ͕ŽŶĞĨŽƌƐĞĚŝŵĞŶƚĂĐĐƵŵƵͲ
ůĂƚŝŽŶƌĂƚĞƐĂŶĚŽŶĞĨŽƌD^͕ƵƐŝŶŐƚŚĞĂŐĞŵŽĚĞůƐƉƌĞƐĞŶƚĞĚŚĞƌĞ͘dŚĞƐĞƐƚĂĐŬƐĂƌĞŵĞĂŶƚƚŽ
ƐŝŵƵůĂƚĞĂŶŝŶƚĞŐƌĂƚĞĚƐŝŐŶĂůĂĐƌŽƐƐϴΣEĨƌŽŵƚŚĞŵŽƐƚƌĞĐĞŶƚůǇĂĐƚŝǀĞĐŚĂŶŶĞůƚŽƚŚĞǁĞƐƚĨůĂŶŬ
ŽĨƚŚĞEŝŶĞƚǇĞĂƐƚZŝĚŐĞ͘dŚŝƐƐŝŐŶĂůǁŽƵůĚŶŽƚŝŶĐůƵĚĞƐĞĚŝŵĞŶƚƐĚĞƉŽƐŝƚĞĚĨƵƌƚŚĞƌƚŽƚŚĞǁĞƐƚ͕
ǁŚŝĐŚŚĂƐďĞĞŶƚŚĞŵĂŝŶĚĞƉŽĐĞŶƚĞƌŽĨƚŚĞĞŶŐĂů&ĂŶƐŝŶĐĞƚŚĞĞƐƚĂďůŝƐŚŵĞŶƚŽĨƚŚĞŵŽƐƚƌĞͲ
ĐĞŶƚƐƵďĨĂŶŝŶƚŚĞ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ;ƵƌƌĂǇĞƚĂů͕͘ϮϬϬϯ͖^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵ͖ĞƌŐŵĂŶŶĞƚ
Ăů͕͘ŝŶƉƌĞƉ͘ͿĂŶĚƉŽƚĞŶƚŝĂůůǇƚŚĞĚĞƉŽĐĞŶƚĞƌǁŚŝůĞƚŚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐƵŶŝƚǁĂƐ
ĚĞƉŽƐŝƚĞĚĂůŽŶŐŽƵƌƚƌĂŶƐĞĐƚ;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͘Ϳ͘tŚŝůĞƚŚĞEŝĐŽďĂƌ&ĂŶŵĂǇŚĂǀĞďĞĞŶ
ĂŶŝŵƉŽƌƚĂŶƚĚĞƉŽĐĞŶƚĞƌĨŽƌƉĂƌƚƐŽĨƚŚĞEĞŽŐĞŶĞ͕ĂƉƌŽŵŝŶĞŶƚƌĞĨůĞĐƚŽƌƚŚĂƚŵĂƌŬƐƚŚĞĞŶĚŽĨ
ŚŝŐŚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐŽŶƚŚĞEŝĐŽďĂƌĨĂŶǁĂƐĚĂƚĞĚƚŽƚŚĞĂƌůǇWůĞŝƐƚŽĐĞŶĞ;DĐEĞŝůůĞƚĂů͕͘
ϮϬϭϳͿ͕ŵĞĂŶŝŶŐƚŚĞEŝĐŽďĂƌ&ĂŶǁĂƐůŝŬĞůǇŶŽƚĂƐŝŐŶŝĨŝĐĂŶƚƐŝŶŬĨŽƌƐĞĚŝŵĞŶƚƐĚƵƌŝŶŐƚŚĞƚŝŵĞ
ƉĞƌŝŽĚĚŝƐĐƵƐƐĞĚŚĞƌĞ͘
KƵƌƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐƚĂĐŬŵĞĚŝĂŶĂŶĚϭʍŝŶƚĞƌǀĂůƐĂƌĞƉůŽƚƚĞĚŝŶ&ŝŐƵƌĞϭϬ͘
tŚŝůĞŵĞĚŝĂŶǀĂůƵĞƐŐŝǀĞĂƐĞŶƐĞĨŽƌƚŚĞƚƌĂŶƐĞĐƚǁŝĚĞĐŚĂŶŐĞƐŝŶƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶ͕ƚŚĞ
ǀĂƌŝĂŶĐĞĐŽƵůĚŝůůƵƐƚƌĂƚĞŐƌĞĂƚĞƌƵŶĐĞƌƚĂŝŶƚǇŝŶŽƵƌĂŐĞͲŵŽĚĞůƐŽƌŝŶĐƌĞĂƐĞĚǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶ
ƐŝƚĞƐ͘^ƵĐĐĞƐƐŝŽŶƐŽĨĂĐƚŝǀĞĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐǁŝƚŚůŝŵŝƚĞĚĐŚƌŽŶŽƐƚƌĂƚŝŐƌĂƉŚŝĐĐŽŶƐƚƌĂŝŶƚƐ
ǁŽƵůĚĐŽŶƚƌŝďƵƚĞƚŽĞĂĐŚŽĨƚŚĞƐĞŝŶƚĞƌƉƌĞƚĂƚŝŽŶƐ͘KƵƌŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇƐƚĂĐŬƐŚŽǁƐƐŝŵŝͲ
ůĂƌĐŚĂŶŐĞƐ͕ƌĞĨůĞĐƚŝŶŐůŽǁǀĂůƵĞƐŝŶƚŚĞůŽǁĂĐĐƵŵƵůĂƚŝŽŶŚĞŵŝƉĞůĂŐŝĐĚĞƉŽƐŝƚƐĂŶĚŚŝŐŚĞƌǀĂůͲ
ƵĞƐĂƐůŝƚŚŽŐĞŶŝĐĐŽŶƚƌŝďƵƚŝŽŶŝŶĐƌĞĂƐĞƐĂŶĚƉĂƌƚŝĐůĞƐƐŝǌĞƐďĞĐŽŵĞĐŽĂƌƐĞƌ͘^ŝŵŝůĂƌƚŽƚŚĞĂĐĐƵͲ
ŵƵůĂƚŝŽŶƌĂƚĞƐƚĂĐŬƐ͕ŝŶĐƌĞĂƐĞĚǀĂƌŝĂŶĐĞĐĂŶƌĞĨůĞĐƚŝŶĐƌĞĂƐĞĚĐŚƌŽŶŽůŽŐŝĐƵŶĐĞƌƚĂŝŶƚǇŽƌŝŶͲ
ĐƌĞĂƐĞĚǀĂƌŝĂďŝůŝƚǇďĞƚǁĞĞŶƐŝƚĞƐ;&ŝŐƵƌĞϭϬͿ͘
tĞĨŝŶĚƚŚĂƚĨŽůůŽǁŝŶŐƚŚĞƚƌĂŶƐĞĐƚǁŝĚĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞ,ĞŵŝƉĞůĂŐŝĐ>ĂǇĞƌ͕ǁŚĞƌĞ
ŶŽƚƵƌďŝĚŝƚĞƐǁĞƌĞƌĞĐŽǀĞƌĞĚďĞƚǁĞĞŶD/^ϯϳĂŶĚD/^Ϯϱ;ϭ͘ϮϰϰʹϬ͘ϵϯϲDĂͿ͕ƐĞĚŝŵĞŶƚĂĐĐƵŵƵͲ
ůĂƚŝŽŶƌĂƚĞǀĂƌŝĂŶĐĞŝŶĐƌĞĂƐĞĚƚŚƌŽƵŐŚĂďŽƵƚD/^ϭϳ;Ϭ͘ϲϳϲDĂͿƌĞĨůĞĐƚŝŶŐƚŚĞŽŶƐĞƚŽĨƚƵƌďŝĚŝƚĞ
ĚĞƉŽƐŝƚŝŽŶĂƚƐŽŵĞƐŝƚĞƐĂůŽŶŐƚŚĞƚƌĂŶƐĞĐƚ͘ĐĐƵŵƵůĂƚŝŽŶƌĂƚĞŵĞĚŝĂŶĂŶĚǀĂƌŝĂŶĐĞďĞŐŝŶƚŽŝŶͲ
ĐƌĞĂƐĞƐŝŐŶŝĨŝĐĂŶƚůǇĨŽůůŽǁŝŶŐD/^ϭϳ͕ƌĞĂĐŚŝŶŐƉĞĂŬůĞǀĞůƐďĞƚǁĞĞŶϬ͘ϯĂŶĚϬ͘ϱDĂďĞĨŽƌĞŵŽǀĞͲ
ŵĞŶƚŽĨƚŚĞĚĞƉŽĐĞŶƚĞƌǁĞƐƚŽĨƚŚĞϴϱĂƐƚĂƐĞŵĞŶƚZŝĚŐĞďĞƚǁĞĞŶϬ͘ϮĂŶĚϬ͘ϯDĂ͘
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&ŝŐƵƌĞϭϬ͘^ƚĂĐŬĞĚĞŶŐĂů&ĂŶƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂŶĚŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇĂƚϴΣEŝŶƚŚĞĐŽŶͲ
ƚĞǆƚŽĨƌĞŐŝŽŶĂůĂŶĚŐůŽďĂůƌĞĐŽƌĚƐ͘&ƌŽŵƚŽƉƚŽďŽƚƚŽŵ͗dŚĞ>ZϬϰďĞŶƚŚŝĐɷϭϴKƐƚĂĐŬǁŚŝĐŚŝƐĂƐŝŐŶĂůŽĨ
ĚĞĞƉƐĞĂƚĞŵƉĞƌĂƚƵƌĞĂŶĚŐůŽďĂůŝĐĞǀŽůƵŵĞ;>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ͕ϮϬϬϱͿ͖'ůŽďĂůƐĞĂůĞǀĞůĞƐƚŝŵĂƚĞƐĨƌŽŵ
ƚĞŵƉĞƌĂƚƵƌĞĐŽƌƌĞĐƚĞĚďĞŶƚŚŝĐɷϭϴK;ůĚĞƌĨŝĞůĚĞƚĂů͕͘ϮϬϭϮ͖ZŽŚůŝŶŐĞƚĂů͕͘ϮϬϭϰͿ͖DĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇ
ĨƌŽŵƚŚĞŚŝŶĞƐĞ>ŽĞƐƐWůĂƚĞĂƵǁŚŝĐŚŝƐĂƐŝŐŶĂůŽĨĂƐƚƐŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶŝŶƚĞŶƐŝƚǇ;^ƵŶĞƚĂů͕͘
ϮϬϬϲͿ͖,ĞƋŝŶŐ>ĂŬĞ/ŶĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶ;/^DͿ/ŶĚĞǆǁŚŝĐŚƵƐĞĚĂƐƚĂĐŬŽĨƉƌŽǆŝĞƐƐĞŶƐŝƚŝǀĞƚŽƚĞŵͲ
ƉĞƌĂƚƵƌĞ͕ƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚǁĞĂƚŚĞƌŝŶŐŝŶƚŚĞůĂŬĞ͛ƐǁĂƚĞƌƐŚĞĚ;ŚŝƐŚĞŶŐĞƚĂů͕͘ϮϬϭϭͿ͖KW^ŝƚĞϳϮϮŵĞͲ
ĚŝĂŶŐƌĂŝŶƐŝǌĞǁŚŝĐŚƚƌĂĐŬƐǁŝŶĚƐƚƌĞŶŐƚŚŽĨƚŚĞ/ŶĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶŝŶƚŚĞƌĂďŝĂŶ^ĞĂ;ůĞŵĞŶƐĞƚ
Ăů͕͘ϭϵϵϲ͖ůĞŵĞŶƐ͕ϭϵϵϴͿ^ĞĚŝŵĞŶƚĂƚŝŽŶƌĂƚĞƐƚĂĐŬŝŶĐŵͬŬĂŵĞĚŝĂŶ;ůŝŶĞͿĂŶĚϭʍŝŶƚĞƌǀĂů;ƉƵƌƉůĞƐŚĂĚŝŶŐͿ
ŽĨƚŚĞƐĞǀĞŶǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƐĂƚϴΣEŽŶƚŚĞĞŶŐĂů&ĂŶ͖DĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇƐƚĂĐŬŵĞĂŶ;ůŝŶĞͿĂŶĚ
ϭʍŝŶƚĞƌǀĂů;ŽƌĂŶŐĞƐŚĂĚŝŶŐͿŽĨƚŚĞƐĞǀĞŶǆƉĞĚŝƚŝŽŶϯϱϰƐŝƚĞƐĂƚϴΣEŽŶƚŚĞĞŶŐĂů&ĂŶ͖^ŝƚĞϳϱϴŵĂŐŶĞƚŝĐ
ƐƵƐĐĞƉƚŝďŝůŝƚǇ;&ĂƌƌĞůůĂŶĚ:ĂŶĞĐĞŬ͕ϭϵϵϭͿǁŚŝĐŚŚĂƐďĞĞŶŝŶƚĞƌƉƌĞƚĞĚĂƐĂŶŝŶƚĞŐƌĂƚĞĚƐŝŐŶĂůŽĨƐĞĚŝŵĞŶƚ
ĨůƵǆƚŽƚŚĞĂǇŽĨĞŶŐĂůĂŶĚͬŽƌĞŶŐĂů&ĂŶ͕ǁŝƚŚƚĞƉŚƌĂůĂǇĞƌƐƌĞŵŽǀĞĚĂŶĚƐŵŽŽƚŚĞĚƵƐŝŶŐĂϰϬŬĂ
&t,D'ĂƵƐƐŝĂŶĨŝůƚĞƌ͖ĂŶĚƌĂŶŐĞĨŽƌƚŚĞƉŽƐƐŝďůĞĂŐĞŽĨWůĞŝƐƚŽĐĞŶĞƐĞĚŝŵĞŶƚĂƚŝŽŶƌĂƚĞŝŶĐƌĞĂƐĞƐĂƚ^ŝƚĞƐ
ϳϭϳͬϳϭϵƚŽƚŚĞƐŽƵƚŚǁĞƐƚŽĨƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶƐĞĐƚ;'ĂƌƚŶĞƌ͕ϭϵϵϬͿ͘ůƵĞŚŝŐŚůŝŐŚƚĞĚďŽǆŝŶĚŝĐĂƚĞƐ
ƚŚĞƚŝŵĞŝŶƚĞƌǀĂůǁŚĞƌĞŶŽƚƵƌďŝĚŝƚĞƐǁĞƌĞƌĞĐŽǀĞƌĞĚĂůŽŶŐƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶƐĞĐƚĂŶĚDŝĚĚůĞWůĞŝƐͲ
ƚŽĐĞŶĞĐŚƌŽŶŽůŽŐǇŝƐďĞƐƚƌĞƐŽůǀĞĚ;hŶŝƚϮĂŝŶtĞďĞƌĂŶĚZĞŝůůǇ͕ϮϬϭϴͿ͘'ƌĂǇƐŚĂĚŝŶŐŝŶĚŝĐĂƚĞƐǁŚĞŶƚŚĞ
ĚĞƉŽĐĞŶƚĞƌǁĂƐĨŽĐƵƐĞĚŽŶƚŚĞŵŽƌĞǁĞƐƚĞƌŶĨĂŶ͕ĂƐƌĞĐŽŐŶŝǌĞĚŝŶƐĞŝƐŵŝĐĚĂƚĂ;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͖͘
^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵͿ͘

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,QVLJKWVWRWKH0LGGOHWR/DWH3OHLVWRFHQH(YROXWLRQRIWKH%HQJDO)DQ
tĞĐŽŵƉĂƌĞŽƵƌϴΣEƐƚĂĐŬĞĚƌĞĐŽƌĚƐǁŝƚŚǁŚĂƚŚĂƐďĞĞŶĂƌŐƵĞĚ͕ďƵƚŶŽƚĚĞŵŽŶƐƚƌĂƚĞĚ͕ƚŽ
ďĞĂƌĞŐŝŽŶĂůůǇŝŶƚĞŐƌĂƚĞĚƌĞĐŽƌĚŽĨƐĞĚŝŵĞŶƚŝŶƉƵƚƚŽƚŚĞĂǇŽĨĞŶŐĂůĂŶĚĞŶŐĂů&ĂŶ;&ŝŐƵƌĞ
ϭϬͿ͘tĞƵƐĞƚŚĞ^ŝƚĞϳϱϴ;ϱ͘ϯϴΣEͿŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇƌĞĐŽƌĚĂĨƚĞƌƌĞŵŽǀŝŶŐŵĂŐŶĞƚŝĐƐƵƐĐĞƉͲ
ƚŝďŝůŝƚǇŚŝŐŚƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚ ƚĞƉŚƌĂ ůĂǇĞƌƐ ƚŚƌŽƵŐŚ / ;ĞŚŶĞƚĂů͕͘ϭϵϵϭ͖&ĂƌƌĞůůĂŶĚ :ĂŶĞĐĞŬ͕
ϭϵϵϭͿǁŝƚŚĐŚƌŽŶŽůŽŐǇĂƐƐŝŐŶĞĚƵƐŝŶŐƚŚĞďĞŶƚŚŝĐɷϭϴKƌĞĐŽƌĚŽĨŚĞŶĞƚĂů͘;ϭϵϵϱͿĂůŝŐŶĞĚďǇ
>ŝƐŝĞĐŬŝĂŶĚZĂǇŵŽ;ϮϬϬϱͿ͘dŚĞŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇŝƐƐŵŽŽƚŚĞĚƵƐŝŶŐĂϰϬŬĂ&t,D'ĂƵƐƐŝĂŶ
ĨŝůƚĞƌĂŶĚƌĞƐĂŵƉůĞĚĞǀĞƌǇϭŬĂƚŽŚŝŐŚůŝŐŚƚƚŚĞůŽǁĞƌĨƌĞƋƵĞŶĐǇƐŝŐŶĂů͘tĞĨŝŶĚďƌŽĂĚƐŝŵŝůĂƌŝƚǇ
ǁŝƚŚŽƵƌƌĞĐŽŶƐƚƌƵĐƚŝŽŶ͕ŝŶĐůƵĚŝŶŐůŽǁŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇǀĂůƵĞƐĐŽĞǀĂůǁŝƚŚƚŚĞǆƉĞĚŝƚŝŽŶ
ϯϱϰDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐůĂǇĞƌ͕ĂŶŝŶĐƌĞĂƐĞŝŶŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďůǇĐŽĞǀĂůǁŝƚŚĂŐĞŶͲ
ĞƌĂůƚƌĞŶĚŽĨŝŶĐƌĞĂƐĞĚǀĂƌŝĂŶĐĞĂŶĚŵĞĚŝĂŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂĐƌŽƐƐƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰƚƌĂŶͲ
ƐĞĐƚ͕ĂŶĚĂĚĞĐƌĞĂƐĞŝŶŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇĐŽĞǀĂůǁŝƚŚŵŽǀĞŵĞŶƚŽĨƚŚĞĞŶŐĂů&ĂŶĚĞƉŽĐĞŶͲ
ƚĞƌƚŽƚŚĞǁĞƐƚĂŶĚŵŽƌĞĚŝƐƚĂůƚŽƚŚĞEŝŶĞƚǇĞĂƐƚZŝĚŐĞ͘tŚŝůĞŝƚŝƐĚŝĨĨŝĐƵůƚƚŽŵĂŬĞĚŝƌĞĐƚĐŽŵͲ
ƉĂƌŝƐŽŶƐƚŽƚŚĞKW>ĞŐϭϭϲŝƐƚĂůĞŶŐĂů&ĂŶĚƌŝůůƐŝƚĞƐ͕ǁĞŶŽƚĞƚŚĂƚ ŝŶĐƌĞĂƐĞƐŝŶWůĞŝƐƚŽĐĞŶĞ
ƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƚĚŝƐƚĂůĞŶŐĂů&ĂŶ^ŝƚĞƐϳϭϳĂŶĚϳϭϵ;ΕϭŽ^ͿŵƵƐƚŚĂǀĞŽĐĐƵƌƌĞĚ
ĚƵƌŝŶŐƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵƐĂůŽŶŐŽƵƌƚƌĂŶͲ
ƐĞĐƚĂŶĚͬŽƌƐƵďƐĞƋƵĞŶƚƐŚŝĨƚŽĨƚŚĞĚĞƉŽĐĞŶƚĞƌƚŽƚŚĞŵŽƌĞǁĞƐƚĞƌŶĨĂŶĂƚϴΣE͘
KƵƌŽďƐĞƌǀĂƚŝŽŶƐƐƵŐŐĞƐƚĂŵĂũŽƌĐŚĂŶŐĞŝŶƐĞĚŝŵĞŶƚƌŽƵƚŝŶŐŽŶƚŚĞĨĂŶĚƵƌŝŶŐƚŚĞDŝĚĚůĞ
ƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞƚŚĂƚĐŽƵůĚďĞŝŶƚĞƌƉƌĞƚĞĚĂƐƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨĂŵŽƌĞĞǆƚĞŶƐŝǀĞĐŚĂŶŶĞůͲ
ůĞǀĞĞƐǇƐƚĞŵĂĨƚĞƌĂďŽƵƚϬ͘ϵϯϲDĂ͘dŚŝƐŝƐƐƵƉƉŽƌƚĞĚďǇŵƵůƚŝƉůĞůŝŶĞƐŽĨĞǀŝĚĞŶĐĞĚŽĐƵŵĞŶƚŝŶŐ
ƌĞŐŝŽŶĂůĐŚĂŶŐĞƐĨŽůůŽǁŝŶŐĚĞƉŽƐŝƚŝŽŶŽĨƚŚĞƌĞŐŝŽŶĂůůǇĞǆƚĞŶƐŝǀĞDŝĚĚůĞWůĞŝƐƚŽĐĞŶĞŚĞŵŝƉĞůĂŐŝĐ
ƵŶŝƚĂƚϴΣEĂŶĚƐƵďƐĞƋƵĞŶƚ ŝŶĐƌĞĂƐĞƐ ŝŶŵĂŐŶĞƚŝĐƐƵƐĐĞƉƚŝďŝůŝƚǇĂŶĚĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ͘&ŝƌƐƚ͕
ďĂƐĞĚŽŶƐĞŝƐŵŝĐŽďƐĞƌǀĂƚŝŽŶƐŽĨƚŚĞZŚŽƌŝǌŽŶƐĂůŽŶŐϴΣE͕ĨĂŶƐĞĚŝŵĞŶƚƐǁĞƌĞĚĞůŝǀĞƌĞĚĂƐĂ
ƐĞƌŝĞƐŽĨƉƌŽŐƌĞƐƐŝǀĞůǇůĂƌŐĞƌƉƵůƐĞƐ;ĞƌŐŵĂŶŶĞƚĂů͕͘ŝŶƉƌĞƉ͘Ϳ͘&ŝƌƐƚ͕ďĂƐĞĚŽŶƐĞŝƐŵŝĐŽďƐĞƌǀĂͲ
ƚŝŽŶƐŽĨƚŚĞZŚŽƌŝǌŽŶƐĂůŽŶŐϴΣEĂŶĚƌĞůĂƚŝǀĞĐŚĂŶŐĞƐŝŶƚŚĞƚŚŝĐŬŶĞƐƐŽĨĞĂĐŚƵŶŝƚ͕ĨĂŶƐĞĚŝͲ
ŵĞŶƚƐǁĞƌĞĚĞůŝǀĞƌĞĚĂƐĂƐĞƌŝĞƐŽĨƉƌŽŐƌĞƐƐŝǀĞůǇůĂƌŐĞƌƉƵůƐĞƐ͘tŚŝůĞƚŚĞƌĞĂƌĞƐƚŝůůƵŶĐĞƌƚĂŝŶƚŝĞƐ
ŝŶƚŚĞƚŝŵŝŶŐŽĨƚŚĞƐĞƉƵůƐĞƐ͕ƐĞŝƐŵŝĐƵŶŝƚƚŚŝĐŬŶĞƐƐŝůůƵƐƚƌĂƚĞƐĞĂĐŚĨĂŶďƵŝůĚŝŶŐĞƉŝƐŽĚĞǁĂƐůĂƌŐĞƌ
ƚŚĂŶƚŚĞůĂƐƚ͕ƐƵŐŐĞƐƚŝŶŐĞŝƚŚĞƌĐůŽƐĞƌƉƌŽǆŝŵŝƚǇƚŽƚŚĞĐĞŶƚĞƌŽĨƚŚĞĂĐƚŝǀĞĚĞƉŽĐĞŶƚĞƌŽƌĂůŽŶŐĞƌ
ĚƵƌĂƚŝŽŶŽĨĐŚĂŶŶĞůͲůĞǀĞĞĂĐƚŝǀŝƚǇ͘^ĞĐŽŶĚ͕ƐŝƚĞƐĨƌŽŵƚŚĞǀĞƌǇĚŝƐƚĂůĨĂŶƐĞĞĂŶŝŶĐƌĞĂƐĞŝŶĂĐĐƵͲ
ŵƵůĂƚŝŽŶĚƵƌŝŶŐƚŚĞƚŝŵĞŝŶǁŚŝĐŚƉƌŽŐƌĞƐƐŝǀĞĞƉŝƐŽĚĞƐŽĨĨĂŶďƵŝůĚŝŶŐĂƚϴΣEďĞĐŽŵĞůĂƌŐĞƌ͘ŶĚ
ĨŝŶĂůůǇ͕ƚŚĞůŽŶŐͲƚĞƌŵƉĂƚƚĞƌŶŽĨƐĞĚŝŵĞŶƚĂĐĐƵŵƵůĂƚŝŽŶŽŶƚŚĞĞĂƐƚĞƌŶůŽǁĞƌĨĂŶĂƚϴΣEŝƐƌĞͲ
ŵĂƌŬĂďůǇƐŝŵŝůĂƌƚŽƚŚĞůŽŶŐͲƚĞƌŵƉĂƚƚĞƌŶŝŶůŝƚŚŽŐĞŶŝĐĐŽŶĐĞŶƚƌĂƚŝŽŶĂƚƚŚĞĐůŽƐĞƐƚƉĞůĂŐŝĐƌĞĨĞƌͲ
ĞŶĐĞƐŝƚĞ͕ƐƵƉƉŽƌƚŝŶŐĞĂƌůŝĞƌĐůĂŝŵƐƚŚĂƚƚŚŝƐƐŝŐŶĂůƌĞĨůĞĐƚƐĂŶŝŶƚĞŐƌĂƚĞĚƌĞĐŽƌĚŽĨƐĞĚŝŵĞŶƚĂƚŝŽŶ
ĂŶĚƐĞĚŝŵĞŶƚƌŽƵƚŝŶŐŽŶƚŚĞĞŶŐĂů&ĂŶ͕ĂŶĚůŝŬĞůǇ͕ĨŽƌƚŚŝƐƚŝŵĞĨƌĂŵĞŝƐŝŶĨůƵĞŶĐĞĚďǇƉƌŽĐĞƐƐĞƐ
ŽĐĐƵƌƌŝŶŐŽŶƚŚĞĞĂƐƚĞƌŶůŽǁĞƌĞŶŐĂů&ĂŶ͘
/ƚŝƐŝŵƉŽƌƚĂŶƚƚŽŶŽƚĞƚŚĂƚƚŚĞƐĞŽďƐĞƌǀĂƚŝŽŶƐŽŶƚŚĞŝƌŽǁŶĚŽŶŽƚŶĞĐĞƐƐĂƌŝůǇŵĂŬĞƚŚĞ>ĂƚĞ
WůĞŝƐƚŽĐĞŶĞƵŶŝƋƵĞ͕ĂƐĐŚĂŶŶĞů ůĞǀĞĞƐǇƐƚĞŵƐǁĞƌĞƉƌĞƐĞŶƚĂƚϴŽEĚƵƌŝŶŐƚŝŵĞƐƐŝŶĐĞƚŚĞ>ĂƚĞ
DŝŽĐĞŶĞ;^ĐŚǁĞŶŬĂŶĚ^ƉŝĞƐƐ͕ϮϬϬϵ͖&ƌĂŶĐĞͲ>ĂŶŽƌĚĞƚĂů͕͘ϮϬϭϲͿĂŶĚŚŝŐŚĞƌĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐ
ĂƌĞŽďƐĞƌǀĞĚĂƚĚŝƐƚĂůĨĂŶƐŝƚĞƐĚƵƌŝŶŐDŝŽĐĞŶĞĂŶĚWůŝŽĐĞŶĞƚŝŵĞƐ;'ĂƌƚŶĞƌ͕ϭϵϵϬͿ͘,ŽǁĞǀĞƌ͕ƚŚĞ
DŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞŝƐƵŶŝƋƵĞŝŶƚŚĂƚǁĞŚĂǀĞďĞƚƚĞƌĂŐĞͲĐŽŶƚƌŽůĂŶĚĐĂŶĚŝƐĐƵƐƐƚŚŝƐƐƉĞͲ
ĐŝĨŝĐĐŚĂŶŐĞǁŝƚŚŝŶƚŚĞĐŽŶƚĞǆƚŽĨƌĞŐŝŽŶĂůĂŶĚŐůŽďĂůƌĞĐŽƌĚƐ͘
/ŶŐĞŶĞƌĂů͕ůŽŶŐƚĞƌŵĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĂƌĞĐŽŶƚƌŽůůĞĚďǇĐŚĂŶŐĞƐŝŶƐĞĚŝŵĞŶƚƐƵƉƉůǇ͕ƐĞĚͲ
ŝŵĞŶƚƚƌĂŶƐƉŽƌƚ͕ĂŶĚĂĐĐŽŵŵŽĚĂƚŝŽŶƐƉĂĐĞ͘/ƚŝƐĂůǁĂǇƐƉŽƐƐŝďůĞƚŚĂƚƚŚĞĐŚĂŶŐĞƐǁĞŽďƐĞƌǀĞĂƚ
ϴΣEĂƌĞĞŶƚŝƌĞůǇĐŽŶƚƌŽůůĞĚďǇƐƚŽĐŚĂƐƚŝĐĨĂŶƐĞĚŝŵĞŶƚƚƌĂŶƐƉŽƌƚƉƌŽĐĞƐƐĞƐ͘,ŽǁĞǀĞƌ͕ůŽŶŐƚĞƌŵ
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ĐŚĂŶŐĞƐŝŶƐĞĚŝŵĞŶƚƐƵƉƉůǇƚŽƚŚĞĂǇŽĨĞŶŐĂůŝƐůŝŬĞůǇŝŶĨůƵĞŶĐĞĚďǇůŽŶŐƚĞƌŵƚƌĞŶĚƐŝŶĐůŝŵĂƚͲ
ŝĐĂůůǇŽƌƚĞĐƚŽŶŝĐĂůůǇĚƌŝǀĞŶĞƌŽƐŝŽŶĂŶĚƐĞĂůĞǀĞůǀĂƌŝĂƚŝŽŶƐŝŶĨůƵĞŶĐĞŽŶĐŽŶƚŝŶĞŶƚĂůƐŚĞůĨĂĐĐŽŵͲ
ŵŽĚĂƚŝŽŶƐƉĂĐĞĂŶĚƚŚĞĐŽŶŶĞĐƚŝŽŶďĞƚǁĞĞŶƚŚĞŵĂũŽƌ,ŝŵĂůĂǇĂŶƌŝǀĞƌƐǇƐƚĞŵƐĂŶĚƚŚĞĚĞĞƉ
ŽĐĞĂŶ͘
tŚŝůĞĞǀŝĚĞŶĐĞĨƌŽŵƚŚĞŚŝŶĞƐĞ>ŽĞƐƐWůĂƚĞĂƵŝŶĚŝĐĂƚĞƐƚƌĞŶŐƚŚĞŶŝŶŐŽĨŝŶƚĞƌŐůĂĐŝĂůƐƵŵŵĞƌ
ŵŽŶƐŽŽŶƐĂŶĚĂƐƐŽĐŝĂƚĞĚƉƌĞĐŝƉŝƚĂƚŝŽŶĨƌŽŵƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ;^ƵŶĞƚĂů͕͘ϮϬϬϲͿ͕ƚŚŝƐ
ĐŚĂŶŐĞŝƐŶŽƚŝŶƐǇŶĐǁŝƚŚǁŚĞƌĞǁĞŽďƐĞƌǀĞŽƵƌŝŶŝƚŝĂůŝŶĐƌĞĂƐĞƐŝŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞ͕ǁŝƚŚƚŚĞ
ůĂƌŐĞƐƚŝŶƚĞŶƐŝĨŝĐĂƚŝŽŶƐŽĨƚŚĞĂƐƚƐŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶĂƌŽƵŶĚϭ͘ϮϱĂŶĚϬ͘ϲDĂ͘/ƚĂůƐŽŵĂǇ
ŶŽƚďĞƌĞƉƌĞƐĞŶƚĂƚŝǀĞŽĨƚŚĞ/ŶĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶĂůƐǇƐƚĞŵ;&ŝŐƵƌĞϭϬͿ͘&ŽƌĞǆĂŵƉůĞ͕ŐƌĂŝŶ
ƐŝǌĞĐŚĂŶŐĞƐŝŶƚŚĞƌĂďŝĂŶ^ĞĂƚŚĂƚƌĞĨůĞĐƚƚŚĞ/ŶĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶǁŝŶĚƐƚƌĞŶŐƚŚ;ůĞŵĞŶƐ
ĞƚĂů͕͘ϭϵϵϲ͖ůĞŵĞŶƐ͕ϭϵϵϴͿĂŶĚƉƌĞĐŝƉŝƚĂƚŝŽŶĂŶĚǁĞĂƚŚĞƌŝŶŐƉƌŽǆŝĞƐĨƌŽŵ,ĞƋŝŶŐ>ĂŬĞŝŶ^ŽƵƚŚͲ
ĞƌŶŚŝŶĂ;ŚŝƐŚĞŶŐĞƚĂů͕͘ϮϬϭϭͿƐƵŐŐĞƐƚƚŚĂƚ/ŶĚŝĂŶƐƵŵŵĞƌŵŽŶƐŽŽŶŵĂǇŚĂǀĞǁĞĂŬĞŶĞĚĚƵƌŝŶŐ
ƚŚĞ>ĂƚĞWůĞŝƐƚŽĐĞŶĞĂƐEŽƌƚŚĞƌŶ,ĞŵŝƐƉŚĞƌĞŐůĂĐŝĂƚŝŽŶŝŶƚĞŶƐŝĨŝĞĚ͘
tĞĚŽŽďƐĞƌǀĞ͕ŚŽǁĞǀĞƌ͕ ƚŚĂƚ ƚŚĞŽŶƐĞƚŽĨ ƚŚĞDŝĚĚůĞ ƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞŐƌŽǁƚŚŽĨ ƚŚĞ
ĞŶŐĂů&ĂŶĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵ͕ĂƐĚĞƚĞĐƚĞĚĂƚϴΣEĨŽůůŽǁŝŶŐϬ͘ϵϯϲDĂ͕ŽĐĐƵƌƐĚƵƌŝŶŐƚŚĞĨŝƌƐƚ
ǀĞƌǇůŽǁƐĞĂůĞǀĞůƐƚĂŶĚŽĨƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ͕ĂƐƌĞĐŽŐŶŝǌĞĚŝŶƚŚĞŝĐĞǀŽůƵŵĞƐŝŐŶĂů
ŽĨƚĞŵƉĞƌĂƚƵƌĞĐŽƌƌĞĐƚĞĚďĞŶƚŚŝĐĨŽƌĂŵŝŶŝĨĞƌĂɷϭϴK;ůĚĞƌĨŝĞůĚĞƚĂů͕͘ϮϬϭϮ͖&ŝŐƵƌĞϭϬͿĂŶĚƐĞĂͲ
ůĞǀĞů ĐŽŶƚƌŽůůĞĚ ŚǇĚƌŽůŽŐŝĐ ĐǇĐůĞ ƐŝŐŶĂůƐ ŝŶ DĞĚŝƚĞƌƌĂŶĞĂŶ ^ĞĂ ƉůĂŶŬƚŽŶŝĐ ĨŽƌĂŵŝŶŝĨĞƌĂ ɷϭϴK
;ZŽŚůŝŶŐĞƚĂů͕͘ϮϬϭϰͿ͘ĂƐĞĚŽŶƚŚŝƐŽďƐĞƌǀĂƚŝŽŶ͕ǁĞŚǇƉŽƚŚĞƐŝǌĞƚŚĂƚƚŚĞĞǀŽůƵƚŝŽŶŽĨƚŚĞDŝĚĚůĞ
ƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞĞŶŐĂů&ĂŶǁĂƐĚƌŝǀĞŶďǇƚŚĞŝŶĐƌĞĂƐĞŝŶŐůĂĐŝĂůͲŝŶƚĞƌŐůĂĐŝĂƚŝŽŶƐĞĂůĞǀĞůĂŵͲ
ƉůŝƚƵĚĞ͕ǁŚŝĐŚƐƚƌĞŶŐƚŚĞŶĞĚƚŚĞĐŽŶŶĞĐƚŝŽŶďĞƚǁĞĞŶ,ŝŵĂůĂǇĂŶZŝǀĞƌƐĂŶĚƚŚĞĞŶŐĂů&ĂŶ͘,ŽǁͲ
ĞǀĞƌ͕ĐŚĂŶŐĞƐŝŶWůĞŝƐƚŽĐĞŶĞĐůŝŵĂƚĞĂƌŽƵŶĚƚŚĞƐĂŵĞƚŝŵĞĐŽƵůĚŚĂǀĞĂůƐŽƐƚƌĞŶŐƚŚĞŶĞĚƚŚĞĞƌŽͲ
ƐŝŽŶĂůƌĞŐŝŵĞŝŶƚŚĞ,ŝŵĂůĂǇĂDŽƵŶƚĂŝŶƐĂŶĚŝŶĐƌĞĂƐĞĚƐĞĚŝŵĞŶƚĨůƵǆƚŽƚŚĞĂǇŽĨĞŶŐĂů͘&ƵƌͲ
ƚŚĞƌǁŽƌŬŝƐƌĞƋƵŝƌĞĚƚŽŝŶǀĞƐƚŝŐĂƚĞƚŚĞƐĞŚǇƉŽƚŚĞƐĞƐ͘

&RQFOXVLRQ
tĞŝŶǀĞƐƚŝŐĂƚĞƚŚĞĞǀŽůƵƚŝŽŶŽĨƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞĞŶŐĂů&ĂŶĂƚƐĞǀĞŶƐŝƚĞƐ
ĂůŽŶŐƚŚĞ/KWǆƉĞĚŝƚŝŽŶϯϱϰϴΣEƚƌĂŶƐĞĐƚƵƐŝŶŐĂƐǇƐƚĞŵƐƉĞĐŝĨŝĐĂŐĞŵŽĚĞůŝŶŐĂƉƉƌŽĂĐŚƚŚĂƚ
ĂƐƐĞƐƐĞƐƵŶĐĞƌƚĂŝŶƚǇĂŶĚŝŶĐŽƌƉŽƌĂƚĞƐĞǆƉĞƌƚŬŶŽǁůĞĚŐĞŽĨƚŚĞĨĂŶ͘ǇƋƵĂŶƚŝĨǇŝŶŐƐĞĚŝŵĞŶƚĂĐͲ
ĐƵŵƵůĂƚŝŽŶƌĂƚĞǀĂƌŝĂƚŝŽŶƐĨƌŽŵƚŚĞDŝĚĚůĞƚŽƚŚĞ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ͕ǁĞĨŝŶĚĂŶŝŶĐƌĞĂƐŝŶŐƚƌĞŶĚ
ŝŶĂĐĐƵŵƵůĂƚŝŽŶƌĂƚĞƐĨŽůůŽǁŝŶŐĂϯϬϬŬĂŝŶƚĞƌǀĂů;Εϭ͘ϮϰϰʹϬ͘ϵϯϲDĂͿǁŚĞƌĞŶŽƚƵƌďŝĚŝƚĞƐǁĞƌĞ
ŽďƐĞƌǀĞĚĂĐƌŽƐƐƚŚĞϯϮϬŬŵƚƌĂŶƐĞĐƚ͘dŚŝƐŽďƐĞƌǀĂƚŝŽŶ͕ĂůŽŶŐǁŝƚŚƐĞŝƐŵŝĐŽďƐĞƌǀĂƚŝŽŶƐ͕ĂĐĐƵͲ
ŵƵůĂƚŝŽŶƌĂƚĞƐŽŶƚŚĞĚŝƐƚĂůĨĂŶ͕ĂŶĚůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚĐŽŶĐĞŶƚƌĂƚŝŽŶƐĂƚĂƉĞůĂŐŝĐƌĞĨĞƌĞŶĐĞ
ƐŝƚĞ͕ŝŶĚŝĐĂƚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞĞŶŐĂů&ĂŶĐŚĂŶŶĞůͲůĞǀĞĞƐǇƐƚĞŵĚƵƌŝŶŐƚŚŝƐƚŝŵĞƚŽĂĚŝƐƚƌŝďƵͲ
ƚŝŽŶŶĞƚǁŽƌŬƚŚĂƚĐŽǀĞƌƐĂŐƌĞĂƚĞƌĞǆƚĞŶƚŽĨƚŚĞĨĂŶ͘dŚĞŽŶƐĞƚŽĨƚŚŝƐĐŚĂŶŐĞŝƐĐŽŝŶĐŝĚĞŶƚƚŚĞ
ĨŝƌƐƚŵĂũŽƌƐĞĂůĞǀĞůůŽǁŽĨƚŚĞDŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞ͕ůĞĂĚŝŶŐƵƐƚŽŚǇƉŽƚŚĞƐŝǌĞƚŚĂƚŝŶͲ
ĐƌĞĂƐĞĚƐĞĂůĞǀĞůĂŵƉůŝƚƵĚĞĐŚĂŶŐĞƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚĂŵƉůŝĨŝĐĂƚŝŽŶŽĨƉŽůĂƌŐůĂĐŝĂƚŝŽŶǁĂƐƚŚĞ
ŵĂũŽƌĚƌŝǀĞƌŽĨWůĞŝƐƚŽĐĞŶĞĞŶŐĂů&ĂŶĐŚĂŶŐĞƐ͘







Appendix 

XXIII 

$FNQRZOHGJHPHQWV
tĞĂƌĞǀĞƌǇŐƌĂƚĞĨƵůƚŽƚŚĞĐĂƉƚĂŝŶ͕ĐƌĞǁ͕/KWƐƚĂĨĨ͕ĂŶĚƐŚŝƉďŽĂƌĚƐĐŝĞŶƚŝƐƚƐŽŶƚŚĞ
:K/^ZĞƐŽůƵƚŝŽŶƚŚĂƚŵĂĚĞ/KWǆƉĞĚŝƚŝŽŶϯϱϰĂŶĚƐƵďƐĞƋƵĞŶƚƌĞƐĞĂƌĐŚƐƵĐĐĞƐƐĨƵů͘ůůƐĂŵͲ
ƉůĞƐĂŶĚĚĂƚĂǁĞƌĞƉƌŽǀŝĚĞĚďǇ/KW͘dŚŝƐǁŽƌŬǁĂƐŵĂĚĞƉŽƐƐŝďůĞďǇƐƵƉƉŽƌƚĨƌŽŵĂhŶŝƚĞĚ
^ƚĂƚĞƐ^ĐŝĞŶĐĞ^ƵƉƉŽƌƚWƌŽŐƌĂŵƉŽƐƚĞǆƉĞĚŝƚŝŽŶĂǁĂƌĚƚŽdZ͘tĞƚŚĂŶŬ>ĞƐůŝĞΘDĂƌŬtŽƌŬͲ
ŵĂŶĂŶĚƚŚĞKƌĞŐŽŶZ^&ŽƵŶĚĂƚŝŽŶĨŽƌĂĚĚŝƚŝŽŶĂůƐƵƉƉŽƌƚƚŽdZ͘dŚŝƐƐƚƵĚǇďĞŶĞĨŝƚĞĚ
ŐƌĞĂƚůǇĨƌŽŵĂĚŝƐĐƵƐƐŝŽŶǁŝƚŚŶĚƌĞĂƐEŝůƐƐŽŶ͕ǁŚŽƌĞĐŽŵŵĞŶĚĞĚƚŚĞƵƐĞŽĨƚŚĞdͲǁĂůŬĂůŐŽͲ
ƌŝƚŚŵ͘

5HIHUHQFHV
ŚŵĂĚ͕^͘D͕͘ŶŝůĂďƵ'͕͘WĂĚŵĂŬƵŵĂƌŝs͘D͕͘ĂǇĂů͘D͕͘^ƵŬŚŝũĂ͘^͕͘EĂŐĂďŚƵƐŚĂŶĂŵW͕͘ϮϬϬϱ͘^ƌ͕
EĚŝƐŽƚŽƉŝĐĞǀŝĚĞŶĐĞŽĨƚĞƌƌŝŐĞŶŽƵƐĨůƵǆǀĂƌŝĂƚŝŽŶƐŝŶƚŚĞĂǇŽĨĞŶŐĂů͗/ŵƉůŝĐĂƚŝŽŶƐŽĨŵŽŶƐŽŽŶƐ
ĚƵƌŝŶŐƚŚĞůĂƐƚ׽ϯϰ͕ϬϬϬǇĞĂƌƐ͘'ĞŽƉŚǇƐ͘ZĞƐ͘>Ğƚƚ͘ϯϮ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϮϵͬϮϬϬϱ'>ϬϮϰϱϭϵ
ĞƌŐŵĂŶŶ͕&͕͘^ĐŚǁĞŶŬ͕d͕͘^ƉŝĞƐƐ͕s͕͘&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘ŝŶƉƌĞƉ͘DŝĚĚůĞƚŽ>ĂƚĞWůĞŝƐƚŽĐĞŶĞĂƌĐŚŝƚĞĐƚƵƌĞ
ĂŶĚƐƚƌĂƚŝŐƌĂƉŚǇŽĨƚŚĞůŽǁĞƌĞŶŐĂů&ĂŶͲͲ/ŶƚĞŐƌĂƚŝŶŐŵƵůƚŝĐŚĂŶŶĞůƐĞŝƐŵŝĐĚĂƚĂĂŶĚ/KWǆͲ
ƉĞĚƚŝŽŶϯϱϰƌĞƐƵůƚƐ͘d:͘
ůĂĂƵǁ͕D͕͘ŚƌŝƐƚĞŶ͕:͘͕͘ϮϬϭϭ͘&ůĞǆŝďůĞƉĂůĞŽĐůŝŵĂƚĞĂŐĞͲĚĞƉƚŚŵŽĚĞůƐƵƐŝŶŐĂŶĂƵƚŽƌĞŐƌĞƐƐŝǀĞŐĂŵŵĂ
ƉƌŽĐĞƐƐ͘ĂǇĞƐŝĂŶŶĂů͘ϲ͕ϰϱϳʹϰϳϰ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϮϭϰͬďĂͬϭϯϯϵϲϭϲϰϳϮ
ŚĂŶŶĞůů͕:͘͘d͕͘,ŽĚĞůů͕͘͕͘ƵƌƚŝƐ͕:͘,͕͘ϮϬϭϲ͘ZĞůĂƚŝǀĞƉĂůĞŽŝŶƚĞŶƐŝƚǇ;ZW/ͿĂŶĚŽǆǇŐĞŶŝƐŽƚŽƉĞƐƚƌĂƚŝŐƌĂͲ
ƉŚǇĂƚ/KW^ŝƚĞhϭϯϬϴ͗EŽƌƚŚƚůĂŶƚŝĐZW/ƐƚĂĐŬĨŽƌϭ͘ϮʹϮ͘ϮDĂ;EZW/ͲϮϮϬϬͿĂŶĚĂŐĞŽĨƚŚĞKůͲ
ĚƵǀĂŝ^ƵďĐŚƌŽŶ͘YƵĂƚ͘^Đŝ͘ZĞǀ͘ϭϯϭ͕ϭʹϭϵ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƋƵĂƐĐŝƌĞǀ͘ϮϬϭϱ͘ϭϬ͘Ϭϭϭ
ŚĞŶ͕:͕͘&ĂƌƌĞůů͕:͕͘DƵƌƌĂǇ͕͕͘WƌĞůů͕t͕͘ϭϵϵϱ͘dŝŵĞƐĐĂůĞĂŶĚƉĂůĞŽĐĞĂŶŽŐƌĂƉŚŝĐŝŵƉůŝĐĂƚŝŽŶƐŽĨĂϯ͘ϲŵ͘Ǉ͘
ŽǆǇŐĞŶŝƐŽƚŽƉĞƌĞĐŽƌĚĨƌŽŵƚŚĞŶŽƌƚŚĞĂƐƚ/ŶĚŝĂŶKĐĞĂŶ;KĐĞĂŶƌŝůůŝŶŐWƌŽŐƌĂŵ^ŝƚĞϳϱϴͿ͘
WĂůĞŽĐĞĂŶŽŐƌĂƉŚǇϭϬ͕Ϯϭʹϰϳ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϮϵͬϵϰWϬϮϮϵϬ
ŚƌŝƐƚĞŶ͕:͘͕͘&Žǆ͕͕͘ϮϬϭϬ͘ŐĞŶĞƌĂůƉƵƌƉŽƐĞƐĂŵƉůŝŶŐĂůŐŽƌŝƚŚŵĨŽƌĐŽŶƚŝŶƵŽƵƐĚŝƐƚƌŝďƵƚŝŽŶƐ;ƚŚĞƚͲ
ǁĂůŬͿ͘ĂǇĞƐŝĂŶŶĂů͘ϱ͕ϮϲϯʹϮϴϭ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϮϭϰͬϭϬͲϲϬ
ůĂƌŬ͕W͘h͕͘ƌĐŚĞƌ͕͕͘WŽůůĂƌĚ͕͕͘ůƵŵ͕:͘͕͘ZŝĂů͕:͘͕͘ƌŽǀŬŝŶ͕s͕͘Dŝǆ͕͘͕͘WŝƐŝĂƐ͕E͘'͕͘ZŽǇ͕D͕͘ϮϬϬϲ͘
dŚĞŵŝĚĚůĞWůĞŝƐƚŽĐĞŶĞƚƌĂŶƐŝƚŝŽŶ͗ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ͕ŵĞĐŚĂŶŝƐŵƐ͕ĂŶĚŝŵƉůŝĐĂƚŝŽŶƐĨŽƌůŽŶŐͲƚĞƌŵ
ĐŚĂŶŐĞƐŝŶĂƚŵŽƐƉŚĞƌŝĐƉKϮ͘YƵĂƚ͘^Đŝ͘ZĞǀ͘Ϯϱ͕ϯϭϱϬʹϯϭϴϰ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƋƵĂƐĐŝͲ
ƌĞǀ͘ϮϬϬϲ͘Ϭϳ͘ϬϬϴ
ůĞŵĞŶƐ͕^͘͕͘ϭϵϵϴ͘ƵƐƚƌĞƐƉŽŶƐĞƚŽƐĞĂƐŽŶĂůĂƚŵŽƐƉŚĞƌŝĐĨŽƌĐŝŶŐ͗WƌŽǆǇĞǀĂůƵĂƚŝŽŶĂŶĚĐĂůŝďƌĂƚŝŽŶ͘
WĂůĞŽĐĞĂŶŽŐƌĂƉŚǇϭϯ͕ϰϳϭʹϰϵϬ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϮϵͬϵϴWϬϮϭϯϭ
ůĞŵĞŶƐ͕^͘͕͘<ƵŚŶƚ͕t͕͘>ĞsĂǇ͕>͘:͕͘ƚŚĞǆƉĞĚŝƚŝŽŶϯϱϯ^ĐŝĞŶƚŝƐƚƐ͕ϮϬϭϲ͘/ŶĚŝĂŶDŽŶƐƐŽŶZĂŝŶĨĂůů͕ŝŶ͗WƌŽͲ
ĐĞĞĚŝŶŐƐŽĨƚŚĞ/ŶƚĞƌŶĂƚŝŽŶĂůKĐĞĂŶŝƐĐŽǀĞƌǇWƌŽŐƌĂŵ͘/ŶƚĞƌŶĂƚŝŽŶĂůKĐĞĂŶŝƐĐŽǀĞƌǇWƌŽŐƌĂŵ͕
ŽůůĞŐĞ^ƚĂƚŝŽŶ͕dy͘
ůĞŵĞŶƐ͕^͘͕͘DƵƌƌĂǇ͕͘t͕͘WƌĞůů͕t͘>͕͘ϭϵϵϲ͘EŽŶƐƚĂƚŝŽŶĂƌǇWŚĂƐĞŽĨƚŚĞWůŝŽͲWůĞŝƐƚŽĐĞŶĞƐŝĂŶDŽŶͲ
ƐŽŽŶ͘^ĐŝĞŶĐĞϮϳϰ͕ϵϰϯʹϵϰϴ͘
ƵƌƌĂǇ͕:͘Z͕͘ϭϵϵϰ͘^ĞĚŝŵĞŶƚǀŽůƵŵĞĂŶĚŵĂƐƐďĞŶĞĂƚŚƚŚĞĂǇŽĨĞŶŐĂů͘ĂƌƚŚWůĂŶĞƚ͘^Đŝ͘>Ğƚƚ͘ϭϮϱ͕ϯϳϭʹ
ϯϴϯ͘
ƵƌƌĂǇ͕:͘Z͕͘ŵŵĞů͕&͘:͕͘DŽŽƌĞ͕͘'͕͘ϮϬϬϯ͘dŚĞĞŶŐĂů&ĂŶ͗ŵŽƌƉŚŽůŽŐǇ͕ŐĞŽŵĞƚƌǇ͕ƐƚƌĂƚŝŐƌĂƉŚǇ͕ŚŝƐƚŽƌǇ
ĂŶĚƉƌŽĐĞƐƐĞƐ͘DĂƌ͘WĞƚ͘'ĞŽů͘ϭϵ͕ϭϭϵϭʹϭϮϮϯ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬ^ϬϮϲϰͲϴϭϳϮ;ϬϯͿϬϬϬϯϱͲϳ
ƵƌƌĂǇ͕:͘Z͕͘DŽŽƌĞ͕͘'͕͘ϭϵϳϰ͘^ĞĚŝŵĞŶƚĂƌǇĂŶĚdĞĐƚŽŶŝĐWƌŽĐĞƐƐĞƐŝŶƚŚĞĞŶŐĂůĞĞƉͲ^ĞĂ&ĂŶĂŶĚ'ĞŽͲ
ƐǇŶĐůŝŶĞ͕ŝŶ͗ƵƌŬ͕͘͕͘ƌĂŬĞ͕͘>͘;ĚƐ͘Ϳ͕dŚĞ'ĞŽůŽŐǇŽĨŽŶƚŝŶĞŶƚĂůDĂƌŐŝŶƐ͘^ƉƌŝŶŐĞƌĞƌůŝŶ,ĞŝͲ
ĚĞůďĞƌŐ͕ƉƉ͘ϲϭϳʹϲϮϳ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϬϳͬϵϳϴͲϯͲϲϲϮͲϬϭϭϰϭͲϲͺϰϱ
ĞŚŶ͕:͕͘&ĂƌƌĞůů͕:͘t͕͘^ĐŚŵŝŶĐŬĞ͕,͘h͕͘ϭϵϵϭ͘EĞŽŐĞŶĞƚĞƉŚƌŽĐŚƌŽŶŽůŽŐǇĨƌŽŵ^ŝƚĞϳϱϴŽŶŶŽƌƚŚĞƌŶEŝŶĞͲ
ƚǇĞĂƐƚZŝĚŐĞ͗/ŶĚŽŶĞƐŝĂŶĂƌĐǀŽůĐĂŶŝƐŵŽĨƚŚĞƉĂƐƚϱDĂ͘WƌŽĐ͘KĐĞĂŶƌŝůů͘WƌŽŐƌĂŵ^Đŝ͘ZĞƐƵůƚƐ
ϭϮϭ͕ϮϳϯʹϮϵϱ͘
ůĚĞƌĨŝĞůĚ͕,͕͘&ĞƌƌĞƚƚŝ͕W͕͘'ƌĞĂǀĞƐ͕D͕͘ƌŽǁŚƵƌƐƚ͕^͕͘DĐĂǀĞ͕/͘E͕͘,ŽĚĞůů͕͕͘WŝŽƚƌŽǁƐŬŝ͕͘D͕͘ϮϬϭϮ͘ǀŽͲ
ůƵƚŝŽŶŽĨKĐĞĂŶdĞŵƉĞƌĂƚƵƌĞĂŶĚ/ĐĞsŽůƵŵĞdŚƌŽƵŐŚƚŚĞDŝĚͲWůĞŝƐƚŽĐĞŶĞůŝŵĂƚĞdƌĂŶƐŝƚŝŽŶ͘
^ĐŝĞŶĐĞϯϯϳ͕ϳϬϰʹϳϬϵ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϭϮϲͬƐĐŝĞŶĐĞ͘ϭϮϮϭϮϵϰ
&ĂƌƌĞůů͕:͘t͕͘:ĂŶĞĐĞŬ͕d͘Z͕͘ϭϵϵϭ͘ϭϱ͘>ĂƚĞEĞŽŐĞŶĞƉĂůĞŽĐĞĂŶŽŐƌĂƉŚǇĂŶĚƉĂůĞŽĐůŝŵĂƚŽůŽŐǇŽĨƚŚĞEŽƌƚŚͲ
ĞĂƐƚ/ŶĚŝĂŶKĐĞĂŶ;^ŝƚĞϳϱϴͿ͕ŝŶ͗WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞKĐĞĂŶƌŝůůŝŶŐWƌŽŐƌĂŵ͕^ĐŝĞŶƚŝĨŝĐZĞƐƵůƚƐ͕
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞKĐĞĂŶƌŝůůŝŶŐWƌŽŐƌĂŵ͘
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
&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘ĞƌƌǇ͕>͘͕͘ϭϵϵϳ͘KƌŐĂŶŝĐĐĂƌďŽŶďƵƌŝĂůĨŽƌĐŝŶŐŽĨƚŚĞĐĂƌďŽŶĐǇĐůĞĨƌŽŵ,ŝŵĂůĂǇĂŶĞƌŽͲ
ƐŝŽŶ͘EĂƚƵƌĞϯϵϬ͕ϲϱʹϲϳ͘
&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘ĞƌƌǇ͕>͘͕͘DŝĐŚĂƌĚ͕͕͘ϭϵϵϯ͘ǀŽůƵƚŝŽŶŽĨƚŚĞ,ŝŵĂůĂǇĂƐŝŶĐĞDŝŽĐĞŶĞƚŝŵĞ͗ŝƐŽƚŽƉŝĐ
ĂŶĚƐĞĚŝŵĞŶƚŽůŽŐŝĐĂůĞǀŝĚĞŶĐĞĨƌŽŵƚŚĞĞŶŐĂů&ĂŶ͕ŝŶ͗dƌĞůŽĂƌ͕W͘:͕͘^ĞĂƌůĞ͕D͘W͘;ĚƐ͘Ϳ͕,ŝŵĂůĂͲ
ǇĂŶdĞĐƚŽŶŝĐƐ͕'ĞŽůŽŐŝĐĂů^ŽĐŝĞƚǇ^ƉĞĐŝĂůWƵďůŝĐĂƚŝŽŶ͘ƉƉ͘ϲϬϯʹϲϮϭ͘
&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘^ƉŝĞƐƐ͕s͕͘<ůĂƵƐ͕͕͘^ĐŚǁĞŶŬ͕d͕͘ƚŚĞǆƉĞĚŝƚŝŽŶϯϱϰ^ĐŝĞŶƚŝƐƚƐ͕ϮϬϭϲ͘ĞŶŐĂů&ĂŶ͕ŝŶ͗
WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞ/ŶƚĞƌŶĂƚŝŽŶĂůKĐĞĂŶŝƐĐŽǀĞƌǇWƌŽŐƌĂŵ͘/ŶƚĞƌŶĂƚŝŽŶĂůKĐĞĂŶŝƐĐŽǀĞƌǇWƌŽͲ
ŐƌĂŵ͕ŽůůĞŐĞ^ƚĂƚŝŽŶ͕dy͘
'ĂůǇ͕s͕͘&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘ĞǇƐƐĂĐ͕K͕͘&ĂƵƌĞ͕W͕͘<ƵĚƌĂƐƐ͕,͕͘WĂůŚŽů͕&͕͘ϮϬϬϳ͘ĨĨŝĐŝĞŶƚŽƌŐĂŶŝĐĐĂƌďŽŶ
ďƵƌŝĂůŝŶƚŚĞĞŶŐĂůĨĂŶƐƵƐƚĂŝŶĞĚďǇƚŚĞ,ŝŵĂůĂǇĂŶĞƌŽƐŝŽŶĂůƐǇƐƚĞŵ͘EĂƚƵƌĞϰϱϬ͕ϰϬϳʹϰϭϬ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϬϲϮϳϯ
'ĂƌƚŶĞƌ͕^͕͘ϭϵϵϬ͘EĞŽŐĞŶĞĐĂůĐĂƌĞŽƵƐŶĂŶŶŽĨŽƐƐŝůďŝŽƐƚƌĂƚŝŐƌĂƉŚǇ͕>ĞŐϭϭϲ;ĐĞŶƚƌĂů/ŶĚŝĂŶKĐĞĂŶͿ͕ŝŶ͗
ŽĐŚƌĂŶ͕:Z͕^ƚŽǁ͕s͕Ğƚů͕͘WƌŽĐ͘KW͕^Đŝ͘ZĞƐƵůƚƐ͘ƉƉ͘ϭϲϱʹϭϴϳ͘
'ƌĂĚƐƚĞŝŶ͕&͘D͕͘KŐŐ͕:͕͘^ĐŚŵŝƚǌ͕D͕͘KŐŐ͕'͘;ĚƐ͘Ϳ͕ϮϬϭϮ͘dŚĞ'ĞŽůŽŐŝĐdŝŵĞ^ĐĂůĞϮϬϭϮ͕ϭƐƚĞĚ͘ĞĚ͘ůƐĞͲ
ǀŝĞƌ͘
,ĂƐůĞƚƚ͕:͕͘WĂƌŶĞůů͕͕͘ϮϬϬϴ͘ƐŝŵƉůĞŵŽŶŽƚŽŶĞƉƌŽĐĞƐƐǁŝƚŚĂƉƉůŝĐĂƚŝŽŶƚŽƌĂĚŝŽĐĂƌďŽŶͲĚĂƚĞĚĚĞƉƚŚ
ĐŚƌŽŶŽůŽŐŝĞƐ͘:͘Z͘^ƚĂƚ͘^ŽĐ͘^Ğƌ͘ƉƉů͘^ƚĂƚ͘ϱϳ͕ϯϵϵʹϰϭϴ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϭϭϭͬũ͘ϭϰϲϳͲ
ϵϴϳϲ͘ϮϬϬϴ͘ϬϬϲϮϯ͘ǆ
,ĞŝŶ͕͘:͕͘'ĂůǇ͕s͕͘'ĂůǇ͕͕͘&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘<ƵĚƌĂƐƐ͕,͕͘^ĐŚǁĞŶŬ͕d͕͘ϮϬϭϳ͘WŽƐƚͲŐůĂĐŝĂůĐůŝŵĂƚĞĨŽƌĐŝŶŐ
ŽĨƐƵƌĨĂĐĞƉƌŽĐĞƐƐĞƐŝŶƚŚĞ'ĂŶŐĞƐʹƌĂŚŵĂƉƵƚƌĂƌŝǀĞƌďĂƐŝŶĂŶĚŝŵƉůŝĐĂƚŝŽŶƐĨŽƌĐĂƌďŽŶƐĞƋƵĞƐͲ
ƚƌĂƚŝŽŶ͘ĂƌƚŚWůĂŶĞƚ͘^Đŝ͘>Ğƚƚ͘ϰϳϴ͕ϴϵʹϭϬϭ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ĞƉƐů͘ϮϬϭϳ͘Ϭϴ͘Ϭϭϯ
<ůŽŽƚǁŝũŬ͕͘d͕͘'ĞĞ͕:͘^͕͘WĞŝƌĐĞ͕:͘t͕͘^ŵŝƚŚ͕'͘D͕͘ϭϵϵϮ͘EĞŽŐĞŶĞĞǀŽůƵƚŝŽŶŽĨƚŚĞ,ŝŵĂůĂǇĂŶͲdŝďĞƚĂŶƌĞͲ
ŐŝŽŶ͗ĐŽŶƐƚƌĂŝŶƚƐĨƌŽŵKWƐŝƚĞϳϱϴ͕ŶŽƌƚŚĞƌŶŶŝŶĞƚǇĞĂƐƚƌŝĚŐĞ͖ďĞĂƌŝŶŐŽŶĐůŝŵĂƚŝĐĐŚĂŶŐĞ͘WĂůͲ
ĂĞŽŐĞŽŐƌ͘WĂůĂĞŽĐůŝŵĂƚŽů͘WĂůĂĞŽĞĐŽů͘ϵϱ͕ϵϱʹϭϭϬ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬϬϬϯϭͲϬϭϴϮ;ϵϮͿϵϬϭϲϳͲ
ϰ
>ŝƐŝĞĐŬŝ͕>͘͕͘ZĂǇŵŽ͕D͘͕͘ϮϬϬϱ͘WůŝŽĐĞŶĞͲWůĞŝƐƚŽĐĞŶĞƐƚĂĐŬŽĨϱϳŐůŽďĂůůǇĚŝƐƚƌŝďƵƚĞĚďĞŶƚŚŝĐɷϭϴKƌĞĐͲ
ŽƌĚƐ͗W>/KEͲW>/^dKEEd,/^d<͘WĂůĞŽĐĞĂŶŽŐƌĂƉŚǇϮϬ͕WϭϬϬϯ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϮϵͬϮϬϬϰWϬϬϭϬϳϭ
>ƵƉŬĞƌ͕D͕͘&ƌĂŶĐĞͲ>ĂŶŽƌĚ͕͕͘'ĂůǇ͕s͕͘>ĂǀĠ͕:͕͘<ƵĚƌĂƐƐ͕,͕͘ϮϬϭϯ͘/ŶĐƌĞĂƐŝŶŐĐŚĞŵŝĐĂůǁĞĂƚŚĞƌŝŶŐŝŶƚŚĞ
,ŝŵĂůĂǇĂŶƐǇƐƚĞŵƐŝŶĐĞƚŚĞ>ĂƐƚ'ůĂĐŝĂůDĂǆŝŵƵŵ͘ĂƌƚŚWůĂŶĞƚ͘^Đŝ͘>Ğƚƚ͘ϯϲϱ͕ϮϰϯʹϮϱϮ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ĞƉƐů͘ϮϬϭϯ͘Ϭϭ͘Ϭϯϴ
DĂƌŬ͕͘&͕͘ZĞŶŶĞ͕W͘Z͕͘ǇŵŽĐŬ͕Z͕͘^ŵŝƚŚ͕s͘͕͘^ŝŵŽŶ͕:͘/͕͘DŽƌŐĂŶ͕>͘͕͘^ƚĂĨĨ͕Z͘͕͘ůůŝƐ͕͘^͕͘ϮϬϭϳ͘,ŝŐŚͲ
ƉƌĞĐŝƐŝŽŶϰϬƌͬϯϵƌĚĂƚŝŶŐŽĨƉůĞŝƐƚŽĐĞŶĞƚƵĨĨƐĂŶĚƚĞŵƉŽƌĂůĂŶĐŚŽƌŝŶŐŽĨƚŚĞDĂƚƵǇĂŵĂͲƌƵŶͲ
ŚĞƐďŽƵŶĚĂƌǇ͘YƵĂƚ͘'ĞŽĐŚƌŽŶŽů͘ϯϵ͕ϭʹϮϯ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƋƵĂŐĞŽ͘ϮϬϭϳ͘Ϭϭ͘ϬϬϮ
DĐEĞŝůů͕>͘͕͘ƵŐĂŶ͕͕͘ĂĐŬŵĂŶ͕:͕͘WŝĐŬĞƌŝŶŐ͕<͘d͕͘WŽƵĚĞƌŽƵǆ͕,͘&͘͕͘,ĞŶƐƚŽĐŬ͕d͘:͕͘WĞƚƌŽŶŽƚŝƐ͕<͘͕͘
ĂƌƚĞƌ͕͕͘ŚĞŵĂůĞ͕&͕͘DŝůůŝŬĞŶ͕<͘>͕͘<ƵƚƚĞƌŽůĨ͕^͕͘DƵŬŽǇŽƐŚŝ͕,͕͘ŚĞŶ͕t͕͘<ĂĐŚŽǀŝĐŚ͕^͕͘
DŝƚĐŚŝƐŽŶ͕&͘>͕͘ŽƵƌůĂŶŐĞ͕^͕͘ŽůƐŽŶ͕d͘͕͘&ƌĞĚĞƌŝŬ͕D͘͘'͕͘'ƵğƌŝŶ͕'͕͘,ĂŵĂŚĂƐŚŝ͕D͕͘,ŽƵƐĞ͕
͘D͕͘,ƺƉĞƌƐ͕͕͘:ĞƉƉƐŽŶ͕d͘E͕͘<ĞŶŝŐƐďĞƌŐ͕͘Z͕͘<ƵƌĂŶĂŐĂ͕D͕͘EĂŝƌ͕E͕͘KǁĂƌŝ͕^͕͘^ŚĂŶ͕z͕͘^ŽŶŐ͕
/͕͘dŽƌƌĞƐ͕D͘͕͘sĂŶŶƵĐĐŚŝ͕W͕͘sƌŽůŝũŬ͕W͘:͕͘zĂŶŐ͕d͕͘ŚĂŽ͕y͕͘dŚŽŵĂƐ͕͕͘ϮϬϭϳ͘hŶĚĞƌƐƚĂŶĚŝŶŐ
,ŝŵĂůĂǇĂŶĞƌŽƐŝŽŶĂŶĚƚŚĞƐŝŐŶŝĨŝĐĂŶĐĞŽĨƚŚĞEŝĐŽďĂƌ&ĂŶ͘ĂƌƚŚWůĂŶĞƚ͘^Đŝ͘>Ğƚƚ͘ϰϳϱ͕ϭϯϰʹϭϰϮ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ĞƉƐů͘ϮϬϭϳ͘Ϭϳ͘Ϭϭϵ
EŝůƐƐŽŶ͕͕͘^ƵƚƚŝĞ͕E͕͘,ŝůů͕D͘:͕͘ϮϬϭϴ͘^ŚŽƌƚͲdĞƌŵDĂŐŶĞƚŝĐ&ŝĞůĚsĂƌŝĂƚŝŽŶƐ&ƌŽŵƚŚĞWŽƐƚͲĚĞƉŽƐŝƚŝŽŶĂů
ZĞŵĂŶĞŶĐĞŽĨ>ĂŬĞ^ĞĚŝŵĞŶƚƐ͘&ƌŽŶƚ͘ĂƌƚŚ^Đŝ͘ϲ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϯϯϴϵͬĨĞĂƌƚ͘ϮϬϭϴ͘ϬϬϬϯϵ
WŚŝůůŝƉƐ͕^͘͕͘:ŽŚŶƐŽŶ͕:͘͕͘'ŝŽƐĂŶ͕>͕͘ZŽƐĞ͕<͕͘ϮϬϭϰ͘DŽŶƐŽŽŶͲŝŶĨůƵĞŶĐĞĚǀĂƌŝĂƚŝŽŶŝŶƉƌŽĚƵĐƚŝǀŝƚǇĂŶĚ
ůŝƚŚŽŐĞŶŝĐƐĞĚŝŵĞŶƚĨůƵǆƐŝŶĐĞϭϭϬŬĂŝŶƚŚĞŽĨĨƐŚŽƌĞDĂŚĂŶĂĚŝĂƐŝŶ͕ŶŽƌƚŚĞƌŶĂǇŽĨĞŶŐĂů͘
DĂƌ͘WĞƚ͘'ĞŽů͕͘'ĞŽůŽŐŝĐŝŵƉůŝĐĂƚŝŽŶƐŽĨŐĂƐŚǇĚƌĂƚĞƐŝŶƚŚĞŽĨĨƐŚŽƌĞŽĨ/ŶĚŝĂ͗ZĞƐƵůƚƐŽĨƚŚĞEĂͲ
ƚŝŽŶĂů'ĂƐ,ǇĚƌĂƚĞWƌŽŐƌĂŵǆƉĞĚŝƚŝŽŶϬϭϱϴ͕ϱϬϮʹϱϮϱ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ŵĂƌͲ
ƉĞƚŐĞŽ͘ϮϬϭϰ͘Ϭϱ͘ϬϬϳ
WŝƉĞƌ͕͘:͘t͕͘EŽƌŵĂƌŬ͕t͘Z͕͘ϭϵϴϯ͘dƵƌďŝĚŝƚĞĚĞƉŽƐŝƚŝŽŶĂůƉĂƚƚĞƌŶƐĂŶĚĨůŽǁĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ͕EĂǀǇ^ƵďŵĂͲ
ƌŝŶĞ&ĂŶ͕ĂůŝĨŽƌŶŝĂŽƌĚĞƌůĂŶĚ͘^ĞĚŝŵĞŶƚŽůŽŐǇϯϬ͕ϲϴϭʹϲϵϰ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϭϭϭͬũ͘ϭϯϲϱͲ
ϯϬϵϭ͘ϭϵϴϯ͘ƚďϬϬϳϬϮ͘ǆ
WƌĞůů͕t͘>͕͘<ƵƚǌďĂĐŚ͕:͘͕͘ϭϵϵϳ͘dŚĞŝŵƉĂĐƚŽĨdŝďĞƚͲ,ŝŵĂůĂǇĂŶĞůĞǀĂƚŝŽŶŽŶƚŚĞƐĞŶƐŝƚŝǀŝƚǇŽĨƚŚĞŵŽŶͲ
ƐŽŽŶĐůŝŵĂƚĞƐǇƐƚĞŵƚŽĐŚĂŶŐĞƐŝŶƐŽůĂƌƌĂĚŝĂƚŝŽŶ͕ŝŶ͗dĞĐƚŽŶŝĐhƉůŝĨƚĂŶĚůŝŵĂƚĞŚĂŶŐĞ͘
^ƉƌŝŶŐĞƌ͕ƉƉ͘ϭϳϭʹϮϬϭ͘
ZĂǇŵŽ͕D͘͕͘ZƵĚĚŝŵĂŶ͕t͘&͕͘ϭϵϵϮ͘dĞĐƚŽŶŝĐĨŽƌĐŝŶŐŽĨůĂƚĞĞŶŽǌŽŝĐĐůŝŵĂƚĞ͘EĂƚƵƌĞϯϱϵ͕ϭϭϳʹϭϮϮ͘
Appendix 

XXV 

ZŽŚůŝŶŐ͕͘:͕͘&ŽƐƚĞƌ͕'͘>͕͘'ƌĂŶƚ͕<͘D͕͘DĂƌŝŶŽ͕'͕͘ZŽďĞƌƚƐ͕͘W͕͘dĂŵŝƐŝĞĂ͕D͘͕͘tŝůůŝĂŵƐ͕&͕͘ϮϬϭϰ͘^ĞĂͲ
ůĞǀĞůĂŶĚĚĞĞƉͲƐĞĂͲƚĞŵƉĞƌĂƚƵƌĞǀĂƌŝĂďŝůŝƚǇŽǀĞƌƚŚĞƉĂƐƚϱ͘ϯŵŝůůŝŽŶǇĞĂƌƐ͘EĂƚƵƌĞϱϬϴ͕ϰϳϳʹϰϴϮ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϯϴͬŶĂƚƵƌĞϭϯϮϯϬ
^ĂŐĞƌ͕t͘t͕͘,Ăůů͕^͕͘ϭϵϵϬ͘Ϯϲ͘DĂŐŶĞƚŝĐƉƌŽƉĞƌƚŝĞƐŽĨďůĂĐŬŵƵĚƚƵƌďŝĚŝƚĞƐĨƌŽŵKW>ĞŐϭϭϲ͕ŝƐƚĂůĞŶͲ
ŐĂů&ĂŶ͕/ŶĚŝĂŶKĐĞĂŶ͕ŝŶ͗WƌŽĐĞĞĚŝŶŐƐŽĨƚŚĞKĐĞĂŶƌŝůůŝŶŐWƌŽŐƌĂŵ͕^ĐŝĞŶƚŝĨŝĐZĞƐƵůƚƐ͘
^ĐŚǁĞŶŬ͕d͕͘^ƉŝĞƐƐ͕s͕͘ϮϬϬϵ͘ƌĐŚŝƚĞĐƚƵƌĞĂŶĚƐƚƌĂƚŝŐƌĂƉŚǇŽĨƚŚĞĞŶŐĂů&ĂŶĂƐƌĞƐƉŽŶƐĞƚŽƚĞĐƚŽŶŝĐĂŶĚ
ĐůŝŵĂƚĞƌĞǀĞĂůĞĚĨƌŽŵŚŝŐŚͲƌĞƐŽůƵƚŝŽŶƐĞŝƐŵŝĐĚĂƚĂ͕ŝŶ͗<ŶĞůůĞƌ͕͘͕͘DĂƌƚŝŶƐĞŶ͕K͘:͕͘DĐĂĨĨƌĞǇ͕
͘;ĚƐ͘Ϳ͕ǆƚĞƌŶĂůŽŶƚƌŽůƐŽŶĞĞƉͲtĂƚĞƌĞƉŽƐŝƚŝŽŶĂů^ǇƐƚĞŵƐ͕^WD^ƉĞĐŝĂůWƵďůŝĐĂƚŝŽŶ͘^WD
;^ŽĐŝĞƚǇĨŽƌ^ĞĚŝŵĞŶƚĂƌǇ'ĞŽůŽŐǇͿ͕dƵůƐĂ͕KŬůĂ͘
^ĐŚǁĞŶŬ͕d͕͘^ƉŝĞƐƐ͕s͕͘ƌĞŝƚǌŬĞ͕D͕͘,ƺďƐĐŚĞƌ͕͕͘ϮϬϬϱ͘dŚĞĂƌĐŚŝƚĞĐƚƵƌĞĂŶĚĞǀŽůƵƚŝŽŶŽĨƚŚĞDŝĚĚůĞ
ĞŶŐĂů&ĂŶŝŶǀŝĐŝŶŝƚǇŽĨƚŚĞĂĐƚŝǀĞĐŚĂŶŶĞůʹůĞǀĞĞƐǇƐƚĞŵŝŵĂŐĞĚďǇŚŝŐŚͲƌĞƐŽůƵƚŝŽŶƐĞŝƐŵŝĐĚĂƚĂ͘
DĂƌ͘WĞƚ͘'ĞŽů͘ϮϮ͕ϲϯϳʹϲϱϲ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ŵĂƌƉĞƚŐĞŽ͘ϮϬϬϱ͘Ϭϭ͘ϬϬϳ
^ĐŚǁĞŶŬ͕d͕͘^ƉŝĞƐƐ͕s͕͘,ƺďƐĐŚĞƌ͕͕͘ƌĞŝƚǌŬĞ͕D͕͘ϮϬϬϯ͘&ƌĞƋƵĞŶƚĐŚĂŶŶĞůĂǀƵůƐŝŽŶƐǁŝƚŚŝŶƚŚĞĂĐƚŝǀĞ
ĐŚĂŶŶĞůʹůĞǀĞĞƐǇƐƚĞŵŽĨƚŚĞŵŝĚĚůĞĞŶŐĂů&ĂŶͶĂŶĞǆĐĞƉƚŝŽŶĂůĐŚĂŶŶĞůʹůĞǀĞĞĚĞǀĞůŽƉŵĞŶƚĚĞͲ
ƌŝǀĞĚĨƌŽŵWĂƌĂƐŽƵŶĚĂŶĚ,ǇĚƌŽƐǁĞĞƉĚĂƚĂ͘ĞĞƉ^ĞĂZĞƐ͘WĂƌƚ//dŽƉ͘^ƚƵĚ͘KĐĞĂŶŽŐƌ͘ϱϬ͕
ϭϬϮϯʹϭϬϰϱ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬ^ϬϵϲϳͲϬϲϰϱ;ϬϮͿϬϬϲϭϴͲϱ
^ƵŶ͕z͕͘ůĞŵĞŶƐ͕^͘͕͘Ŷ͕͕͘zƵ͕͕͘ϮϬϬϲ͘ƐƚƌŽŶŽŵŝĐĂůƚŝŵĞƐĐĂůĞĂŶĚƉĂůĂĞŽĐůŝŵĂƚŝĐŝŵƉůŝĐĂƚŝŽŶŽĨ
ƐƚĂĐŬĞĚϯ͘ϲͲDǇƌŵŽŶƐŽŽŶƌĞĐŽƌĚƐĨƌŽŵƚŚĞŚŝŶĞƐĞ>ŽĞƐƐWůĂƚĞĂƵ͘YƵĂƚ͘^Đŝ͘ZĞǀ͘Ϯϱ͕ϯϯʹϰϴ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƋƵĂƐĐŝƌĞǀ͘ϮϬϬϱ͘Ϭϳ͘ϬϬϱ
sŽŶĚĞƌŽƌĐŚ͕͘͕͘^ĐůĂƚĞƌ͕:͘'͕͘'ĂƌƚŶĞƌ:ƌ͕^͕͘,ĞŬŝŶŝĂŶ͕Z͕͘:ŽŚŶƐŽŶ͕͘͕͘DĐ'ŽǁƌĂŶ͕͕͘Wŝŵŵ͕͘͕͘
dŚŽŵƉƐŽŶ͕Z͘t͕͘sĞĞǀĞƌƐ͕:͘:͕͘tĂƚĞƌŵĂŶ͕>͘^͕͘ϭϵϳϰ͘/ŶŝƚŝĂůƌĞƉŽƌƚƐŽĨƚŚĞĞĞƉ^ĞĂƌŝůůŝŶŐWƌŽͲ
ũĞĐƚ͘h͘^͘'ŽǀĞƌŶŵĞŶƚWƌŝŶƚŝŶŐKĨĨŝĐĞ͕tĂƐŚŝŶŐƚŽŶ͕͘͘
tĂůĐǌĂŬ͕D͘,͕͘Dŝǆ͕͘͕͘tŝůůƐĞ͕d͕͘^ůĂŐůĞ͕͕͘^ƚŽŶĞƌ͕:͘^͕͘:ĂĞŐĞƌ͕:͕͘'ƵůŝĐŬ͕^͕͘>ĞsĂǇ͕>͕͘<ŝŽŬĂ͕͕͘dŚĞ
/KWǆƉĞĚŝƚŝŽŶϯϰϭ^ĐŝĞŶƚŝĨŝĐWĂƌƚǇ͕ϮϬϭϱ͘ŽƌƌĞĐƚŝŽŶŽĨŶŽŶͲŝŶƚƌƵƐŝǀĞĚƌŝůůĐŽƌĞƉŚǇƐŝĐĂůƉƌŽƉĞƌͲ
ƚŝĞƐĚĂƚĂĨŽƌǀĂƌŝĂďŝůŝƚǇŝŶƌĞĐŽǀĞƌĞĚƐĞĚŝŵĞŶƚǀŽůƵŵĞ͘'ĞŽƉŚǇƐ͘:͘/Ŷƚ͘ϮϬϮ͕ϭϯϭϳʹϭϯϮϯ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϵϯͬŐũŝͬŐŐǀϮϬϰ
tĞďĞƌ͕D͘͕͘>ĂŶƚǌƐĐŚ͕,͕͘ĞŬĞŶƐ͕W͕͘ĂƐ͕^͘<͕͘ZĞŝůůǇ͕͘d͕͘DĂƌƚŽƐ͕z͘D͕͘DĞǇĞƌͲ:ĂĐŽď͕͕͘ŐƌĂŚĂƌŝ͕^͕͘
ŬďůĂĚ͕͕͘dŝƚƐĐŚĂĐŬ͕:͕͘,ŽůŵĞƐ͕͕͘tŽůĨŐƌĂŵŵ͕W͕͘ϮϬϭϴ͘ϮϬϬ͕ϬϬϬථǇĞĂƌƐŽĨŵŽŶƐŽŽŶĂůŚŝƐƚŽƌǇ
ƌĞĐŽƌĚĞĚŽŶƚŚĞůŽǁĞƌĞŶŐĂů&ĂŶͲƐƚƌŽŶŐƌĞƐƉŽŶƐĞƚŽŝŶƐŽůĂƚŝŽŶĨŽƌĐŝŶŐ͘'ůŽď͘WůĂŶĞƚ͘ŚĂŶŐĞ
ϭϲϲ͕ϭϬϳʹϭϭϵ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ŐůŽƉůĂĐŚĂ͘ϮϬϭϴ͘Ϭϰ͘ϬϬϯ
tĞďĞƌ͕D͘͕͘ZĞŝůůǇ͕͘d͕͘ϮϬϭϴ͘,ĞŵŝƉĞůĂŐŝĐĂŶĚƚƵƌďŝĚŝƚŝĐĚĞƉŽƐŝƚƐĐŽŶƐƚƌĂŝŶůŽǁĞƌĞŶŐĂů&ĂŶĚĞƉŽƐŝͲ
ƚŝŽŶĂůŚŝƐƚŽƌǇƚŚƌŽƵŐŚWůĞŝƐƚŽĐĞŶĞĐůŝŵĂƚĞ͕ŵŽŶƐŽŽŶ͕ĂŶĚƐĞĂůĞǀĞůƚƌĂŶƐŝƚŝŽŶƐ͘YƵĂƚĞƌŶĂƌǇ^ĐŝͲ
ĞŶĐĞZĞǀŝĞǁƐϭϵϵ͕ϭϱϵͲϭϳϯ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƋƵĂƐĐŝƌĞǀ͘ϮϬϭϴ͘Ϭϵ͘ϬϮϳ
tĞďĞƌ͕D͘͕͘tŝĞĚŝĐŬĞ͕D͕͘<ƵĚƌĂƐƐ͕,͕͘,ƺďƐĐŚĞƌ͕͕͘ƌůĞŶŬĞƵƐĞƌ͕,͕͘ϭϵϵϳ͘ĐƚŝǀĞŐƌŽǁƚŚŽĨƚŚĞĞŶŐĂů
&ĂŶĚƵƌŝŶŐƐĞĂͲůĞǀĞůƌŝƐĞĂŶĚŚŝŐŚƐƚĂŶĚ͘'ĞŽůŽŐǇϮϱ͕ϯϭϱʹϯϭϴ͘
tĞďĞƌ͕D͘͕͘tŝĞĚŝĐŬĞͲ,ŽŵďĂĐŚ͕D͕͘<ƵĚƌĂƐƐ͕,͘Z͕͘ƌůĞŶŬĞƵƐĞƌ͕,͕͘ϮϬϬϯ͘ĞŶŐĂů&ĂŶƐĞĚŝŵĞŶƚƚƌĂŶƐƉŽƌƚ
ĂĐƚŝǀŝƚǇĂŶĚƌĞƐƉŽŶƐĞƚŽĐůŝŵĂƚĞĨŽƌĐŝŶŐŝŶĨĞƌƌĞĚĨƌŽŵƐĞĚŝŵĞŶƚƉŚǇƐŝĐĂůƉƌŽƉĞƌƚŝĞƐ͘^ĞĚŝŵĞŶƚ͘
'ĞŽů͕͘^ĞĚŝŵĞŶƚĂƌǇ'ĞŽůŽŐǇŽĨƚŚĞĞŶŐĂůĂƐŝŶ͕ĂŶŐůĂĚĞƐŚ͕ŝŶƌĞůĂƚŝŽŶƚŽƚŚĞƐŝĂͲ'ƌĞĂƚĞƌ/ŶĚŝĂ
ĐŽůůŝƐŝŽŶĂŶĚƚŚĞĞǀŽůƵƚŝŽŶŽĨƚŚĞĞĂƐƚĞƌŶĂǇŽĨĞŶŐĂůϭϱϱ͕ϯϲϭʹϯϴϭ͘
ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬ^ϬϬϯϳͲϬϳϯϴ;ϬϮͿϬϬϭϴϳͲϮ
ŚŝƐŚĞŶŐ͕͕͘ůĞŵĞŶƐ͕^͘͕͘^ŚĞŶ͕:͕͘YŝĂŶŐ͕y͕͘:ŝŶ͕͕͘^ƵŶ͕z͕͘WƌĞůů͕t͘>͕͘>ƵŽ͕:͕͘tĂŶŐ͕^͕͘yƵ͕,͕͘Ăŝ͕z͕͘
ŚŽƵ͕t͕͘>ŝƵ͕y͕͘>ŝƵ͕t͕͘^Śŝ͕͕͘zĂŶ͕>͕͘yŝĂŽ͕y͕͘ŚĂŶŐ͕,͕͘tƵ͕&͕͘ŝ͕>͕͘>Ƶ͕&͕͘ϮϬϭϭ͘'ůĂĐŝĂůͲ/ŶͲ
ƚĞƌŐůĂĐŝĂů/ŶĚŝĂŶ^ƵŵŵĞƌDŽŶƐŽŽŶǇŶĂŵŝĐƐ͘^ĐŝĞŶĐĞϯϯϯ͕ϳϭϵʹϳϮϯ͘ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϭϮϲͬƐĐŝͲ
ĞŶĐĞ͘ϭϮϬϯϳϱϮ
ŚŝƐŚĞŶŐ͕͕͘<ƵƚǌďĂĐŚ͕:͘͕͘WƌĞůů͕t͘>͕͘WŽƌƚĞƌ͕^͘͕͘ϮϬϬϭ͘ǀŽůƵƚŝŽŶŽĨƚŚĞƐŝĂŶŵŽŶƐŽŽŶƐĂŶĚƉŚĂƐĞĚ
ƵƉůŝĨƚŽĨƚŚĞ,ŝŵĂůĂǇĂͲdŝďĞƚĂŶƉůĂƚĞĂƵƐŝŶĐĞ>ĂƚĞDŝŽĐĞŶĞƚŝŵĞƐ͘EĂƚƵƌĞϰϭϭ͕ϲϮʹϲϲ͘



9HUVLFKHUXQJDQ(LGHV6WDWWAffirmation in lieu of an oath

JHP$EVGHU3URPRWLRQVRUGQXQJYRP
according to § 5 (5) of the Doctoral Degree Rules and  Regulations of 15 July, 2015 




,FK,BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
9RUQDPH)LUVWName1DPHName$QVFKULIWAddressJJI0DWU1Ustudent ID no., if 
applicable) 


YHUVLFKHUH DQ (LGHV 6WDWW GXUFK PHLQH 8QWHUVFKULIW GDVV LFK GLH YRUOLHJHQGH
'LVVHUWDWLRQ VHOEVWlQGLJXQGRKQH IUHPGH+LOIH DQJHIHUWLJW XQG DOOH6WHOOHQ GLH LFK
Z|UWOLFK GHP 6LQQH QDFK DXV 9HU|IIHQWOLFKXQJHQ HQWQRPPHQ KDEH DOV VROFKH
NHQQWOLFKJHPDFKWKDEHPLFKDXFKNHLQHUDQGHUHQDOVGHUDQJHJHEHQHQ/LWHUDWXURGHU
VRQVWLJHU +LOIVPLWWHO EHGLHQW KDEH XQG GLH ]X 3UIXQJV]ZHFNHQ EHLJHOHJWH
HOHNWURQLVFKH9HUVLRQ3')GHU'LVVHUWDWLRQPLWGHUDEJHJHEHQHQJHGUXFNWHQ9HUVLRQ
LGHQWLVFKLVWWith my signature I affirm in lieu of an oath that I prepared the submitted 
dissertation independently and without illicit assistance from third parties, that I 
appropriately referenced any text or content from other sources, that I used only 
literature and resources listed in the dissertation, and that the electronic (PDF) and 
printed versions of the dissertation are identical.

,FK YHUVLFKHUH DQ (LGHV 6WDWW GDVV LFK GLH YRUJHQDQQWHQ $QJDEHQ QDFK EHVWHP
:LVVHQXQG*HZLVVHQJHPDFKWKDEHXQGGDVVGLH$QJDEHQGHU:DKUKHLWHQWVSUHFKHQ
XQG LFK QLFKWV YHUVFKZLHJHQ KDEH. / I affirm in lieu of an oath that the information 
provided herein to the best of my knowledge is true and complete.


'LH 6WUDIEDUNHLW HLQHU IDOVFKHQ HLGHVVWDWWOLFKHQ 9HUVLFKHUXQJ LVW PLU EHNDQQW
QDPHQWOLFKGLH6WUDIDQGURKXQJJHPl6W*%ELV]XGUHL-DKUHQ)UHLKHLWVVWUDIH
RGHU*HOGVWUDIHEHLYRUVlW]OLFKHU%HJHKXQJGHU7DWE]ZJHPl$EV6W*%
ELV]XHLQHP-DKU)UHLKHLWVVWUDIHRGHU*HOGVWUDIHEHL IDKUOlVVLJHU%HJHKXQJ  I am 
aware that a false affidavit is a criminal offence which is punishable by law in 
accordance with § 156 of the German Criminal Code (StGB) with up to three years 
imprisonment or a fine in case of intention, or in accordance with § 161 (1) of the 
German Criminal Code with up to one year imprisonment or a fine in case of 
negligence.  








BBBBBBBBBBBBBBBBBBBBBBBBBB    BBBBBBBBBBBBBBBBBBBBBBBBBBB
2UWPlace'DWXPDate     8QWHUVFKULIWSignature

Fenna Bergmann, Straßburger Straße 21, 28215 Bremen; Matr. Nr, 2368050
